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PREFACE 
 
 
 
This dissertation is submitted to the Tokyo Metropolitan University in fulfillment of 
the requirements of the Graduate School Science and Engineering for the Degree of 
Doctor of Philosophy in Engineering. It is a summary of my work that has been 
performed in the Department of Mechanical Engineering (Tokyo Metropolitan 
University) from October 2010 to August 2013, under the supervision of Prof. Koji 
Kakehi.  
This dissertation consists of six chapters. The first chapter provides an overview of 
the history of Ni-base superalloys development for turbine blades and the aluminide 
coating process. The research objectives are elucidated in details in the first chapter. In 
the second chapter, the effect of alloying elements on creep behavior of aluminized 
Ni-based single crystal superalloys is examined. The effects of temperature and 
specimen thickness on anisotropic creep properties of aluminized Ni-based single 
crystal superalloys are evaluated in chapters three and four, respectively. The high 
temperature oxidation characteristics of uncoated and coated Ni-based single crystal 
superalloy are tested in chapter five. The conclusions and future works can be found in 
chapter six as the end of this dissertation.  
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Abstract 
学位論文要旨（博士（工学）） 
                論文著者名 Fahamsyah Hamdan Latief 
 
論文題名：Influence of crystallographic orientation on creep and high 
temperature oxidation of aluminized Ni-based single crystal superalloys 
 
（邦題）：アルミナイズニッケル基単結晶超合金のクリープおよび高温酸化に及
ぼす結晶方位の影響 （英文） 
 
本文 
A superalloy is an alloy that exhibits excellent mechanical strength, corrosion and 
oxidation resistance at high temperatures. Modern superalloys were developed in the 
1980s with the invention of single crystal, or monocrystal, solidification techniques for 
superalloys that enable grain boundaries to be entirely eliminated from a casting. 
Compared to conventional superalloys, due to these attractive properties, single crystal 
superalloys are potential materials for high temperature critical components such as gas 
turbine blades and vanes in modern aircraft engines, aero-space and power generating 
plants. Today operating inlet temperature of a gas turbine can approach up to 1200°C or 
even higher. Consequently, the use of protective coatings is necessary to overcome this 
matter for components placed in harsh environments. Aluminide diffusion coatings are 
applied to protect the superalloys from corrosion and oxidation. Diffusion coatings are 
the first developed and still the most used coatings up to now. 
Based on the above description, the present study is important to be implemented in 
order to attain the following objectives: 
1. To investigate the effect of aluminide coating on Ni-based single crystal superalloys 
into creep and oxidation properties. 
xi 
 
2. To confirm the anisotropic creep and oxidation behavior of aluminized Ni-based 
single crystal superalloys. 
3. To understand the degradation mechanism in both creep and oxidation in aluminized 
Ni-based single crystal superalloys. 
Furthermore, the outline of the present study is composed of the following chapters: 
Chapter 1: This chapter presents the introduction to Ni-based single crystal 
superalloys and aluminide coatings as well as the basic concept of creep and oxidation 
properties. At the end, the objectives of the research were detailed.  
Chapter 2: This chapter focuses on the effect of Re (Rhenium) on microstructure 
and creep behavior of aluminized Ni-based single crystal superalloys. The addition of 
Re has greatly improved the creep strength of superalloys; however, it developed the 
topologically close-packed (TCP) phase formation in the diffusion zone. The advantage 
of solid solution strengthening effect due Re addition would be larger than disadvantage 
of Re-rich TCP phase formation. The aluminide coating applied on the surface of 
superalloys led to decrease in creep strength of superalloys due to the diffusion layers 
formed under coating layer, and the aluminized specimens with {100} side-surface had 
a longer creep rupture lives than those with {110} side-surface in all alloys. 
Chapter 3: An aluminized Ni-based single-crystal superalloy was examined to 
investigate the anisotropic creep behavior at intermediate and high temperatures. The 
anisotropic creep behavior is mainly restricted to primary creep. Thus, the anisotropic 
creep is more pronounced at intermediate temperature than that at high temperature. 
Generally, the {110} specimens exhibited a lower creep rupture lives than those of 
{100} specimens owing to the difference in crystallographic geometry of {111} slip 
planes on which microcracks form in the interdiffusion zone (IDZ) hard layer. The 
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precipitation of TCP phase would be another factor for reduction of the creep strength at 
high temperature.  
Chapter 4: Influence of specimen thickness on creep behavior of aluminized 
Ni-based single crystal superalloy was investigated at a high temperature with different 
tensile stress directions and side-surface orientations. Two types of specimen thickness 
were utilized in this study. The difference in creep strength of coated specimens is more 
evident in thin specimens than that in thick specimens. The creep strength of thin 
aluminized specimens was affected by the crystallographic orientation, not only in the 
tensile direction, but also in the thickness direction. This anisotropy is due to the 
difference in the crystallographic geometry of {111} planes which is associated with the 
magnitude of <112> direction shear stress on the planes and the effective cross section 
change due to crack propagation. 
Chapter 5: In this chapter, the high temperature oxidation of uncoated and coated 
Ni-based single crystal superalloy was evaluated. The difference in oxidation rate 
between the two surface orientations was visible, but its difference is more evident in 
uncoated specimens than that in coated specimens. The anisotropic oxidation behavior 
of uncoated superalloy is due to the different arrangement of γ/γ′ microstructure 
between the two surface orientations. Whereas in coated specimens, the anisotropic 
oxidation behavior is induced by the difference in the amount of TCP phase formed 
under IDZ and its depth.  
Chapter 6: This chapter contains the summary of the results obtained in the present 
study as well as some suggestions for the future work in the fields of Ni-based single 
crystal superalloy and aluminide coating.  
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CHAPTER 1 
  
Introduction, literature review and objectives  
 
1.1. Introduction 
The increased use of natural gas for the production of electricity and heat has 
resulted in an increased number of industrial gas turbines run by the power producers. 
This huge demand has been push towards the development of advanced materials used 
for the gas turbines. Fig. 1.1 shows a gas turbine engine SGT-600 made by Siemens [1]. 
The operating temperature of the gas turbines is very high. The higher operating 
temperature is required to increase the thermal efficiency of the gas turbines. Nowadays, 
the gas turbine inlet temperature has been approaching up to 1500 °C [2]. Since the 
operating temperature is so high, for instance, steels will begin to deteriorate (i.e. by 
creep and oxidation). As a consequence, the materials that can withstand in a harsh 
environment and perform reliably are needed. An important step forward in the 
development of advanced turbine blade materials was the introduction of single crystal 
Nickel-base superalloys over the last decade [3]. Various single crystal Nickel-base 
superalloys have been developed as the potential candidates for turbine blade 
applications because of their attractive properties which are able to manage the high 
temperatures [4].  
The hot section components such as blades and vanes are the most critical 
components in the gas turbines. These components are made of Ni-base single crystal 
superalloys. Besides, these components are also frequently combined with the 
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protective coatings. When the hot section components are exposed to high temperature 
environment inside the turbine during service, this leads to the degradation of the 
components by creep, fatigue, oxidation or hot corrosion.  
The overall goal of this study is to get insight about the general performance of 
single crystal Ni-base superalloys equipped with the protective coatings and the 
degradation mechanisms that limit their life time. Most of studies on the degradation 
mechanism are temperature dependent [5-7], however, herein the degradation 
mechanism due to the crystallographic orientation dependent is particularly discussed.   
  
1.2. Ni-based single crystal superalloys 
1.2.1. History of Ni-based superalloys 
The evolution of Ni-based superalloy has been over about 60 years period as shown 
in Fig. 1.2 [8]. The engine performance is closely related to the capability of materials 
to withstand at high temperatures. In 1955, tubine blades and vanes prepared by casting 
with equiaxed structure were produced with a high volume fraction of gamma prime (γ') 
phase in order to increase the operating temperatures. In 1960’s, the creep strength and 
ductility were significantly improved by elimination of transversal grain boundaries, by 
means of directionally solidified (DS) blades which has columnar grains running 
through the entire length of the blade [9]. After DS development, the 1st single crystal 
(SC) alloys were produced by removing the grain boundaries completely [10], since the 
grain boundaries represent weak points in the microstructure and stress tends to 
concentrate there. The development of SC turbine components has resulted in further 
creep property improvements since SC components contain no grain boundaries. The 
microstructures of the cast turbine blades made by these three techniques (conventional 
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casting, directionally solidified and single crystal) are illustrated in Fig. 1.3 [11]. Most 
modern high temperature components, such as high pressure turbine blades, are 
produced as single crystal superalloys. 
1.2.2. Basic composition of Ni-based single crystal superalloys  
Single crystal superalloys are a group of nickel-base superalloys. Nickel-based 
superalloys are alloys that consist mostly of nickel. Nickel is used as the base material 
on account of its face-centered cubic (FCC) crystal lattice structure, which is both 
ductile and tough, and on account of its moderate cost if compared with other useful 
materials). They demonstrate superior high temperature mechanical strength [12]. The 
microstructure of a single-crystal nickel-base superalloy is shown in Fig. 1.4 [10]. The 
cubical shapes are γ'-precipitates which are surrounded by a matrix of γ. 
Superalloys have a typical microstructure which consists of the following phases 
[13]: 
(i) The gamma phase, denoted as γ. This phase exhibits the FCC structure, and in 
nearly all cases it forms a continuous, matrix phase in which the other phases 
reside. It composes of significant elements content such as cobalt, chromium, 
molybdenum, rhenium and ruthenium.  
(ii) The gamma prime precipitate, denoted as γ'. This ordered phases are rich in 
aluminum, titanium and, tantalum and niobium that present an obstacle to 
dislocation. These precipitates are coherent with the γ-matrix. The role of this 
phase is to confer strength to the superalloy.  
(iii) Carbides and borides. Carbon and boron act as grain boundary strengthening 
elements as they segregate to the grain boundaries of the phase.  
(iv) Sometimes the topologically close-packed (TCP) phases are found in the forms 
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of μ, σ, etc. 
1.2.3. Development of Ni-based single crystal superalloys 
Although Ni-based superalloys possess superior mechanical properties at high 
temperatures, however, there is still open space for further development in single crystal 
superalloys. A single crystal superalloy was first used for the blade in jet engines of the 
aircraft in the second half of the 1970s, and since then many single crystal superalloys 
have been developed [2]. The first generation Ni-based single crystal superalloys mainly 
contains alloying elements such as Cr, Co, Mo,W, Al, Ti, Ta and sometimes Nb or V. 
The effects of these alloying elements on the properties of superalloys have been 
extensively studied [14]. The introduction of 3 wt.% Re to the second generation 
Ni-based single crystal superalloys. A significant improvement of the creep strength of 
the single crystal superalloys may be obtained by the addition of rhenium [15]. In third 
generation Ni-based single crystal superalloys, the content of rhenium was increased up 
to about 6 wt.% in order to improve again the high temperature capability of the single 
crystal blade superalloys by [16]. In case of fourth generation single crystal superalloy, 
the ruthenium was added about 2 wt. % into the single crystal superalloys as developed 
by NIMS [17]. In details, chemical compositions of single crystal superalloys from 1
st
 to 
4
th
 generations were summarized in Table 1.1-1.4.  
 
1.3. Affecting factors in improvement for mechanical properties of Ni-based 
superalloys 
1.3.1. Manufacturing processing of superalloys 
The evolution of the high temperature capacity of the Ni-base superalloy over about 
60 years period as shown in Fig. 1.2. The process of superalloys affects the 
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microstructure of superalloys which has a strong correlation with the strength of 
superalloys. The comparison of microstructures by different processes has been shown 
in Fig. 1.3. Generally, Ni-based superalloys can be produced by three different 
processes, they are: 
1.3.1.1. Conventional casting.  
After the year of 1955, cast tubine blades and vanes with equiaxed structure were 
produced by using higher γ' volume fractions in order to increase the operating 
temperatures. Common equaxied superalloys are In713, In100, and René80. The grain 
boundaries of this equaixed structure were strengthened by carbon, boron and zirconium, 
hafnium. It was found that the grain boundaries represented weak points. Although cast 
Ni-based superalloys have inherently good high temperature properties to begin with, 
these properties can still be improved upon through processing. 
1.3.1.2. Diretional solidification (DS). 
In 1960s, the creep strength and ductility were significantly improved by 
elimination of transversal grain boundaries, by means of directionally solidified (DS) 
blades where columnar grains were aligned to the blade axis. By aligning the grain 
boundaries the site of failure initiation is removed and the influence from the stress on 
the superalloy is very much reduced. Typical DS superalloys are Mar-M200 and their 
series.  
1.3.1.3. Single crystal (SC). 
After DS development occurred, the 1
st
 single crystal superalloys were produced by 
removing the grain boundaries completely, since the grain boundaries represent weak 
points in the microstructure and stress tends to concentrate there. This allowed the 
removal of grain-boundaries strengthening elements such as carbon, boron and 
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zirconium and hafnium. Further, since creep failure is almost always a grain boundary 
initiated phenomenon due to either grain boundary sliding or vacancy condensation on 
boundaries perpendicular to the applied tensile stress, the development of single crystal 
turbine components has resulted in further creep property improvements since single 
crystal components contain no grain boundaries. Modern Ni-based single crystal 
superalloys are composed of about 70% γ' volume fractions. 
1.3.2. Strengthening mechanisms in Ni-based single crystal superalloys 
1.3.2.1. Strengthening by solid solution 
Solid solution is a method to strengthen or harden the materials by adding the 
alloying elements that act as impurities. The alloying elements (solute atoms) are 
dissolved into the γ phase (matrix) to randomly replace the nickel atom (solvent atom) 
without change the crystal structure. The solid solution strengthening of the γ matrix 
plays an extremely important role for the creep strength of nickel-base superalloys. 
Especially Re, W, Mo and Ru and to a somewhat lesser extend also Cr and Co have 
proven to be very effective to strengthen the γ phase [18]. The primary function of solid 
solution formers is to impart strength to the matrix. Solutes having reasonable solid 
solubility and high hardening coefficients can result in appreciable solid solution 
hardening and should also improve the creep strength of the matrix [19]. An 
examination of available data on the solid solubility of elements in nickel (Fig. 1.5) 
shows that all the elements having size factor functions on the borderline are soluble in 
nickel except silver and phosphorus [19].  
1.3.2.2. Strengthening by precipitation hardening 
Solid solution strengthened alloys may be further strengthened by precipitation 
hardening. The precipitations increase the resistance to dislocation motion [19]. 
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Precipitation hardening (age hardening) is a heat treatment method to increase the 
strength of materials. Precipitation hardening concerns on the changes in solid solubility 
with temperature to produce fine particles. Generally, two kinds of heat treatment are 
conducted in Ni-based single crystal superalloys, they are solution heat treatment and 
aging treatment. A solution heat treatment is intended to dissolve the precipitating phase 
for subsequent re-precipitation in an optimized morphology and size. In addition, the 
solution heat treatment also results in elimination or reduction of the segregation to 
produce a more uniform, homogeneous microstructure and the aging treatments are 
intended to develop the γ' precipitates [20]. The better mechanical properties are 
achieved by reasonable combination of the morphology, size, volume fraction and 
distribution of strengthening phase [21,22]. 
1.3.3. Alloy design 
1.3.3.1. Optimization of its chemical compositions  
Since the first SC superalloy produced in 1980s, the chemical compositions of the 
Ni-based SC superalloys have evolved significantly. Many alloy producers and engine 
manufacturers are still engaged in increasing the properties of the Ni-base superalloys. 
The nominal compositions of 1st, 2nd, 3rd and 4th generation single crystal superalloys 
are presented in Tables 1.1-1.4.  
1.3.3.2. Amount (volume fraction) of γ' phase  
The mechanical properties of Ni-based single crystal superalloys are influenced by 
the volume fraction of γ' phase. The volume fraction of γ' phase is strongly related to the 
chemical composition of Ni-based single crystal superalloys. For example, the creep 
rupture lives of the Ni-based single superalloy TMS 75 (2
nd 
generation) and TMS82+ as 
a function of the amount of γ' phase. The creep rupture life is largest when the γ' volume 
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fractions is about 70% as shown in Fig. 1.6 [23]. The γ'-forming elements such as Al, Ti, 
Ta should be high such that the γ' volume fractions becomes about ~70%.  
1.3.3.3. Lattice misfit 
One important aspect of nickel base superalloys is that the γ and γ´ phases share 
f.c.c-like lattice structures along with similar lattice misfit parameters, so the interface 
between the phases is coherent. The superalloys with negative misfit possess greater 
creep resistance than those with positive misfit. The lattice misfit is important in the 
design of superalloy compositions. When the misfit is small, less than about 0.5%, the γ' 
particles are cuboids with sharp corners with elastic coherency. The composition of the 
superalloys should be selected such that the γ/γ' lattice misfit is small, which minimizes 
the γ/γ' interfacial energy so that γ' coarsening is restricted. The lattice misfit δ can be 
expressed as follows [24]: 
                    δ = 2 (aγ' - aγ) / (aγ' + aγ)                                (1.1) 
where aγ' and aγ are the lattice parameters of the γ' and γ phases, respectively. 
 
1.4. Creep behavior  
1.4.1. Generalized creep 
Creep is a time-dependent, thermally activated plastic deformation mechanism that 
occurs at temperatures in excess of 0.4TM [22,25].Creep is defined as deformation of 
materials under a constant load or stress at a high temperature. The typical creep curve 
of strain versus time at a constant stress and constant elevated temperature is presented 
in Fig. 1.7 [26] is a schematic representation of the typical constant load creep behavior 
associated with the stages of deformation. The creep curve consists of three regions, 
each of which has its own distinctive strain-time feature [27].  
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(i) Primary creep is a period of transient creep. The creep resistance of the materials 
increases due to materials deformation.  
(ii) Secondary creep or sometimes termed steady-state creep provides a nearly 
constant creep rate. The average value of the creep rate during this period is 
called as the minimum creep rate.  
(iii) Tertiary creep shows a rapid increase in the creep rate due to effectively reduced 
cross-sectional area of the specimen.  
1.4.2. Creep in Ni-based single crystal superalloys 
Factors that influences the creep strength of Ni-based single crystal superalloys 
[28,29] are (1) volume fraction of γ' precipitate, (2) distribution of γ' precipitate, (3) size 
of γ' precipitate, and (4) addition of refractory element such as Re. Furthermore, the 
creep behavior of Ni-based single crystal superalloys with <001> orientation can be 
classified into three categories depending on the combination of the temperature and the 
applied load/stress as shown in Fig. 1.8.  
(i) Low temperature/high stress creep.  
At this condition, large primary creep strains (up to 5-15%) are characteristic of 
Ni-based single crystal superalloys due to creep deformation. The primary creep is 
particularly accompanied by a shortage of a well-defined steady state creep followed by 
rupture [30].  
(ii) Intermediate temperature/intermediate stress creep.  
The characteristic creep response at this condition consists of a short primary creep 
with limited strain less than 0.5% [31], followed by a relatively short period of 
secondary creep and an extensive period of tertiary creep [31]. The creep deformation at 
intermediate temperatures is totally different compared to low temperature and high 
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stress creep. At intermediate temperature, prior to primary creep, there is an incubation 
period which is accompanied with a relatively small strain and normally shorter 
duration rather than the primary creep. This incubation period is attributed to the 
grown-in dislocation spreading in narrow γ channels [32].  
(iii) High temperature/low stress creep. 
The typical creep response in this condition consists of a slight period of creep 
strain followed by a well-defined period of steady state creep, and a rapid period of 
tertiary creep leading to failure [33]. Incubation periods of immeasurable low creep rate 
prior to the commencement of primary creep may also be appeared [31].  
 
1.5. Oxidation behavior  
1.5.1. Basic concept of oxidation [34] 
The desired properties from superalloys are high temperature creep, high fatigue life, 
including oxidation and corrosion resistance. It is well-known that Ni-base single 
crystal superalloys have been used for turbine blade components which are located in a 
harsh environment during service. Therefore, oxidation behavior plays an important role 
for the degradation of materials at high temperatures. It is also one of life limiting 
factors for high temperature materials. Oxidation is therefore defined as a process in 
which an unstable metal or alloy reacts spontaneously with oxygen when exposed to air 
or oxygen at low and high temperatures to form the metal oxide. Oxidation of alloys 
occurs normally in air but also possible in gaseous atmosphere. In the simplest form, an 
oxidation reaction is denoted by the reaction of the metal with the oxygen. The 
oxidation of alloys is indicated by the formation of scale/oxide layer on the surface of 
alloys. This phenomenon is often termed scaling or dry corrosion. An oxidation reaction 
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begins with adsorption of oxygen molecules from the atmosphere, nucleation of oxides, 
formation of thin oxide layer, followed by its growth to a thicker layer. A schematic 
illustration of this metal-scale-gas system is shown in Fig. 1.9 [35]. For instance, an 
oxidation reaction between the divalent metal M and oxygen can be expressed as: 
M (s) + 1/2 O2 (g) → MO (s)                                 (1.2) 
Furthermore, the above reaction consists of oxidation and reduction half-reactions. The 
former, with the formation of metal ions take places at the metal-scale interface by the 
following reaction: 
M → M2+ + 2e-         (1.3) 
Whereas, the reduction half-reaction produces oxygen ions as follows: 
   1/2 O2 + 2e
-
 → O2-        (1.4) 
With respect to the increase in oxide layer thickness (Eq. 1.2), it is necessary that 
electrons be conducted to the scale-gas interface, at which point the reduction reaction 
occurs. Additionally, M
2+ 
ions must diffuse away from the metal-scale interface, and O
2- 
ions must diffuse towards this same interface (Fig. 1.9).  
1.5.2. Oxidation kinetics [36] 
One of the principal concerns regarding to metal oxidation is the rate at which the 
reaction progresses. Owing to the oxide scale reaction product normally remains on the 
surface, the rate of reaction may be determined by measuring the weight gain per unit 
area as a function of time. There are commonly two laws to model the oxidation 
behavior of materials as demonstrated in Fig. 1.10 [37]. 
First, the linear rate law is usually observed during the initial scale growth when the 
diffusion in the oxide scale goes on quickly that assuming there is no initial oxide layer 
on the surface. Therefore, the oxidation of alloy occurs at a constant rate and a phase 
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boundary process controls the overall rate of the reaction. This phenomenon follows the 
linear rate law. A linear law may be applied to describe the growth in thickness x or 
mass gain m of the oxide layer [38]:  
   ∆m = k 1. t                (1.5) 
where k1 is the linear rate constant, ∆m is the mass gain of the specimen, and t is 
exposure time. This relationship may only successfully model the initial oxidation but 
cannot represent the decrease of the oxidation rate with time. Alternatively the oxidation 
behavior may be described by a parabolic law right from the beginning as it is well 
known for superalloys [39,40]. 
Second, the parabolic law applies when the diffusion of ions through the scale is the 
rate controlling process as the initial rapid scale growth rate falls with time. This usually 
occurs during high temperature oxidation. This parabolic law assumes that the rate of 
oxide layer growth is inversely proportional to the layer thickness and can be expressed 
as [38]: 
    (∆W)2 = Kp . t                       (1.6) 
where ∆W is the mass gain per unit area, Kp is parabolic rate constant, and t is exposure 
time.  
Furthermore, the difference between linear rate law and parabolic rate law is related 
to protective and non-protective oxide layer. The linear rate law is applicable to the 
formation and development of non-protective oxide layers at high temperature, whereas 
the parabolic rate law is applicable to uniform, continuous and protective oxide scale 
layers. The comparison of protective (stable) oxide layer and non-protective (unstable) 
oxide layer is presented in the Table 1.5. 
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1.6. Anisotropy in Ni-based single crystal superalloys 
Although Ni-based single crystal superalloys have been commercially employed in 
a relatively short time scale, it is unlikely that their full potential has yet been achieved. 
The crystallographic orientation of the single crystal leads to anisotropies in various 
properties including high temperature creep deformation. It is well known that the 
mechanical properties of single crystal are inherently anisotropic and single crystals are 
produced using the withdrawal process with a selector technique deviate from accurate 
〈001〉 solidification direction. The deviation from [001] is one of the most commonly 
occurring nonconformance in single crystal castings, due to the highly anisotropy 
properties of single crystals. 
A study of the influence of orientation on the creep behavior of the single crystal 
alloys MAR-M200 and MAR-M247 at 774 °C was carried out by MacKay and Maier 
[41]. They performed the creep rupture test at 774 °C and 774 MPa. They reported long 
lifetimes for orientations near [1
―
11] or [001] and very short lives for samples oriented 
close to [011]. The creep strength was found to depend mainly on the amount of lattice 
rotation required to produce intersecting slip on {111}<112> type slip systems, which is 
necessary for the transition from primary to secondary creep. The summary of the creep 
rupture lives of MAR-M247 data is given in Table 1.6. 
Creep lives shown in Fig. 1.10 as a function of orientation for MAR-M247 single 
crystals tested at 774 °C and 724 MPa. The crystal with the approximate [1
―
11] 
orientation in Fig.1.11 exhibited the highest creep rupture life. Meanwhile, the crystals 
with approximate [001] orientation had lives greater than 100 hours, whereas crystals 
with orientations near the [011] had lives of one hour or less. 
Caron et al. [42] investigated the anisotropic creep behavior of superalloys in the 
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temperature range from 760 to 1050 °C. Another study by Caron and Khan [43] on the 
CMSX-2 alloy had demonstrated that the creep behavior of [001] oriented single crystal 
could be modified by varying the size (and perhaps the morphology) of the 
strengthening γ' precipitates. It was therefore decided to undertake a detailed 
investigation on the effect of heat treatments on the creep. A strong influence of the 
γ'-particle size on creep strength and rupture lives was found at intermediate 
temperatures (760-850 °C). Three different precipitation heat treatments were applied to 
the CMSX-2 single crystals in order to produce γ' sizes of 0.23, 0.3 and 0.45 μm, 
respectively. Creep rupture lives as a function of orientation and heat treatments are 
shown in the stereographic triangles of Fig. 1.12. 
Moreover, creep tests were performed at 980°C and 200 MPa on alloy 454 single 
crystals containing 0.5 μm precipitates and at 1050 °C and 120 MPa on CMSX-2 single 
crystals containing 0.3 μm and 0.45 μm γ' particles. The creep lives are reported in the 
stereographic triangles of Fig. 1.13.  
For a mean particle size of about 0.45 μm, the optimum creep strength is obtained 
from orientations close to [001], whereas rupture lives for [1
―
11] are drastically 
decreased. For more elevated temperatures they reported a rapid decrease of the creep 
anisotropy due to a change in the prevailing deformation mechanism from 
heterogeneous cooperative shearing of the γ/γ'-structure by {111}<112> slip to a more 
homogenous {111}<110> type slip in the matrix phase and creep induced morphology 
changes of the γ'-phase. A common characteristic of both studies is the evaluation of 
creep properties by creep rupture lives. Since it is well known that the effect of 
anisotropy is most pronounced during primary creep [42]. 
Besides, the temperature is one of factors for anisotropic creep properties in single 
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crystal superalloy. It was reported that high temperature rupture life was less sensitive to 
the orientations. The slip systems are changed from {111} <112> at lower temperatures 
to {111} <110> at higher temperatures [44]. The most significant feature of high 
temperature creep is the rafting of γ' precipitates, which may reduce the anisotropy of 
creep [45]. In conclusion, the anisotropy of creep properties was reported in the 
previous works but so far, no report has been found on anisotropic creep properties of 
aluminized Ni-based single crystal superalloys. 
 
1.7. Aluminide coatings 
1.7.1. Aluminide coating overview 
Aluminide diffusion coatings are widely used for high temperature oxidation and 
hot corrosion protection of turbine blades used in engine hot sections [46]. These blades 
are made of nickel based superalloys. Aluminide coatings have an ability to form a 
protective and slowly growing oxide (Al2O3) film at higher temperature (above 900 °C).  
There are many methods used to produce aluminide coating on Ni-based single crystal 
superalloys. However, aluminide coatings are generally applied on Ni-based single 
crystal superalloys by a diffusion process such as pack cementation, out of pack vapor 
phase aluminizing, and chemical vapor deposition (CVD). The comparison of pack 
cementation and other processes is given in Table 1.7. 
1.7.2. Fabrication of aluminide coatings 
First, the pack cementation method is used for deposition of protective coatings on 
the metallic surface to ensure the protection against oxidation, corrosion and damage 
[47]. Aluminium is the element, which is most commonly deposited to obtain the 
aluminide coating for the nickel based superalloys. In some cases, the introduction of Cr 
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and Si to the coating can be beneficial with regard to the improvement of the high 
temperature corrosion resistance. In the conditions of high temperature aluminium in 
the coating is oxidized and forms a thin aluminium oxide scale, which works as the 
diffusion barrier and reduces the oxidizing speed of the base material. The coated 
elements are placed in the closed or half-closed containers and covered with mixture of 
powder, which consist of metals used for deposition (Al and Cr), the halide activating 
agent (NH4Cl) and inactive filler (usually Al2O3). The coating is created through the 
reduction of metal-halide vapors on the surface of the base material followed by 
diffusion in the solid state between the introduced metal and the substrate. The good 
repeatability of manufacturing process and low costs are the main advantages of the 
pack cementation method [48]. In the pack cementation method, the powder particles 
are left in the external coating of the coating. The schematic diagram of pack 
cementation method at National Institute for Materials Science (NIMS) is presented in 
Fig. 1.14. Generally, the pack cementation process can be classified into two types 
depending on the aluminizing temperature and the activity of Al available in pack. They 
are high-temperature low-activity (HTLA) and low-temperature high-activity (LTHA) 
[49].  
HTLA process is defined as an aluminizing process with the concentration of Al 
less than 60 at.% which is conducted at high temperature. This HTLA process is one 
step process where the aluminizing treatment is performed above 1000 °C for a 
specified duration (3 – 4 h) to obtain a NiAl coating layer. A low-activity aluminizing 
process results primarily by the outward diffusion of Ni from the substrate and its 
reaction with aluminum available from the pack. A typical low-activity coating on a 
Ni-base superalloy, thus, consists of two layers: an outer NiAl layer (coating layer), and 
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an interdiffusion zone (IDZ). The IDZ was formed under the surface of the initial 
substrate that sustains a lack of Ni due to its outward diffusion [50].  
LTHA process is a two-step aluminizing process. Firstly, the alumizing process is 
conducted at low temperature (700 – 850 °C) for 2 h and subsequent diffusion heat 
treatment above 1000 °C for 4 h to produce a NiAl coating structure. A layer of an 
aluminum-rich phase, which is usually Ni2Al3, is formed on the substrate due to high 
activity aluminum. As such a coating is brittle and has a low melting point, thus the 
additional heat treatment is required to convert the brittle Ni2Al3 phase into NiAl layer 
[48]. 
Second, the out of pack or the gas phase aluminizing process [51] involves placing 
the coated parts in the container but they do not have contact with powder mixture, 
which is generally granulated. The technological process is performed in retort furnaces 
or in vacuum furnaces. The neutral carrier gas is additionally introduced to the retort 
during the whole coating process. The transfer of gases, which forms the coating, is 
created during the aluminizing process. The schematic illustration of the out of pack or 
gas phase aluminizing process is shown in Fig. 1.15 [52]. The vapors created from the 
volatile halides have access to the external and internal surfaces of the coated specimens. 
The retort is inserted into the furnace and maintained in the selected temperature for a 
certain time. The main advantages of the out-of-pack method are results of the contact 
of the coated specimens with the powder. It improves the coating uniformity in the 
internal channels and the blade cooling holes, ensures better control over the process run, 
increase the coating purity without confinement of the powder particles in it (in 
comparison to the pack cementation method).  
Third, the chemical vapor deposition (CVD) process [53] is one of methods applied 
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for diffusion aluminide coating deposition. In CVD process, the AlCl3 is generated 
outside of the reactor prior to its introduction into the reaction vessel, which allows its 
flow rate and activity to be accurately controlled, in order to obtain a uniform aluminide 
layers. This method of aluminizing enables both outer and inner surfaces of the turbine 
blades to be coated simultaneously, particularly cooling channels, which might pose 
problems in other methods of coating. An additional benefit of the CVD process is that 
the chemistry can be carefully controlled enabling additional elements such as Y, Al, Si 
and Hf to be incorporated into coating at precise level. The schematic diagram of CVD 
low activity co-deposition apparatus for aluminum and one or more reactive elements is 
shown in Fig. 1.16 [54]. 
 
1.8. Current issues in aluminide coating on superalloys 
1.8.1. Topologically close-packed (TCP) 
TCP phases acted as one of major cause of instability since 2
nd
 generation 
superalloys had been developed containing large amount of refractory elements, 
including Rhenium, to improve creep properties. Addition of the refractory elements Re 
and W can improve the high temperature properties of superalloys [55], but the 
precipitation propensity of TCP phase increases with the elements Re and W content 
due to the congregation of them during high temperature service. Some literatures report 
that the elements Re and W may promote the precipitation of TCP phase [56]. If the 
TCP phase is precipitated, the creep properties of superalloys are obviously decreased 
[56]. The features of TCP phases and the chemical composition of superalloys are 
shown in Fig. 1.17 and Table 1.8 [57]. 
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1.8.2. Secondary reaction zone (SRZ) 
Secondary reaction zone (SRZ) formation is one of the major problems in coated 
Ni-based superalloys. SRZ is an intermediate layer formed by a cellular reaction, and a 
discontinuous precipitate reaction, which is similar to recrystallization. It transforms the 
metastable aluminum enriched microstructure into an equilibrium mixture of γ, γ' and 
TCP [57]. The feature of SRZ is shown in Fig. 1.18 [58].  
 
1.9. Research objectives  
Ni-based single crystal superalloys represent key materials for turbine blades in 
modern gas turbines for aero engines and power plants. International mobility and 
global energy supply rely on this fascinating class of high temperature materials. The 
research on Ni-based single crystal superalloys have been extensively carried out due to 
their unique combination of high temperature strength along with oxidative stability. So 
far, their creep properties and oxidation behavior have been extensively studied. 
However, recent studies have focused on Ni-base single crystal superalloys only without 
applying the coating layer and considering the crystallographic orientation.  
In practical usage, a protective layer is applied on Ni-base single crystal superalloys. 
Herein, the aluminide diffusion coatings have been selected to be utilized in this 
research because of its simplicity and low cost. In fact, little attention has been paid to 
the aluminide coating on Ni-based single crystal superalloys and its effect into 
mechanical properties and oxidation behavior. Most importantly, the specimens with 
different surface orientations are considered in this research in order to confirm the 
anisotropy on mechanical properties and oxidation behavior in coated Ni-based single 
crystal superalloys. Overall, the following objectives are expected to be achieved 
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through this research: 
(i) To investigate the effects of alloying elements, specimen thickness, temperature 
on creep properties of aluminized Ni-based single crystal superalloys.  
(ii) To study the oxidation behavior of aluminized Ni-based single crystal superalloy 
at high temperature by comparing with the uncoated superalloy. 
(iii) To verify the anisotropy phenomenon both in creep or oxidation in aluminized 
Ni-base single crystal superalloy.  
(iv) To comprehend the deformation mechanism during creep test and the oxidation 
mechanism during oxidation test between the two surface orientations of the 
specimens. 
 
1.10. Outline of thesis 
This section represents the overall content of the thesis. Fig. 1.19 shows the chapters 
and their relationship in the present study. Each chapter of this thesis is separately 
summarized in this section to convince the reader.  
Chapter two examines the creep behavior of three different generations of Ni-based 
single crystal superalloys with aluminide coating on different surface orientations. 
Various superalloys used in this study are aimed to study the alloying element effect and 
its significance for the enhancement of creep behavior of aluminized Ni-based single 
crystal superalloys. Ni-based single crystal superalloy with the higher content of 
rhenium has greatly improved the creep rupture life of Ni-based single crystal 
superalloy.  
Chapter three focuses on the effect of temperature on anisotropic creep response of 
aluminized Ni-based single crystal superalloy. The aluminized specimens with different 
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surface orientations are tested by creep at two different temperatures namely 
intermediate and high temperatures. The typical creep curves for each condition is 
unlike. The intermediate temperature shows an extensive primary creep region which 
has important role for the prolongation of the creep rupture life of Ni-based single 
crystal superalloy and it is contrary to the high temperature creep. The deformation 
mechanisms in both conditions are also described.   
Chapter four is about the effect of specimen thickness on anisotropic creep behavior 
of aluminized Ni-based single crystal superalloy. The specimens with two different 
cross-sections are evaluated by creep in tension. In fact, the thin specimens show the 
more creep anisotropy than the thick specimens. The most interesting from this study, 
the creep rupture test is performed with two different stress orientations, that is, [001] 
and [011] orientations for further investigation using thin specimen. The plastic 
anisotropy of each orientation of the specimens is elaborated in this chapter.  
Chapter five evaluates the high temperature oxidation characteristics of Ni-based 
single crystal superalloy without and with aluminide coating. The uncoated and coated 
specimens with two different surface orientations are thermally oxidized at 1100 °C for 
a specific period of 500 h. The two different surface orientations are intended to 
investigate the anisotropy property on oxidation behavior in Ni-based single crystal 
superalloy. It is found that the anisotropy phenomenon also occurs on oxidation 
behavior.   
Chapter six is the conclusion which discusses the overall results obtained from this 
thesis and the possible future works in this area. 
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1.11. Figures and Tables 
 
 
 
 
 
 
Fig. 1.1. A gas turbine engine SGT-600 made by Siemens [1]. 
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Fig. 1.2. The evolution of Ni-base superalloy over 60 years period [8]. 
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Fig. 1.3. The microstructures of the cast turbine blades made by these three techniques: 
(a) conventional casting, (b) directionally solidified and (c) single crystal [11]. 
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Fig. 1.4. Two-phase γ/γ' microstructure in fully heat-treated AM3 first generation single 
crystal superalloy [10]. 
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Fig. 1.5. Atomic size factors of elements for solid solution formation with nickel [19]. 
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Table 1.1. Chemical compositions of first generation single crystal Ni-based superalloys 
(mass%) 
Alloy Cr Co Mo W Al Ti Ta Nb Hf 
PWA-1480 10 5 - 4 5 1.5 12 - - 
AM1 7.8 6.5 2 5.7 5.2 1.1 7.9 - - 
AM3 8 5 2.25 5 6 2 3.5 - - 
CMSX-2 8 4.6 0.6 8 5.6 1 6 - - 
CMSX-3 8 4.6 0.6 8 5.6 1 6 - 0.1 
CMSX-6 9.8 5 3 - 4.8 4.7 2 - 0.1 
Rene N4 9 8 2 6 3.7 4.2 4 0.5 - 
 
 
 
 
Table 1.2. Chemical compositions of second generation single crystal Ni-based 
superalloys (mass%) 
Alloy Cr Co Mo Re W Al Ti Ta Nb Hf 
CMSX-4 6.5 9 0.6 3 6 5.6 1 6.5 - 0.1 
PWA-1484 5 10 2 3 6 5.6 - 8.7 - 0.1 
Rene N5 7 8 2 3 5 6.2 - 7 - 0.2 
SC180 5 10 2 3 5 5.2 1 8.5 - 0.1 
MC2 8 5 2 - 8 5 1.5 6 - - 
SMP14 4.8 8.1 1 3.9 7.6 5.4 - 7.2 1.4 - 
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Table 1.3. Chemical compositions of third generation single crystal Ni-based 
superalloys (mass%) 
Alloy Cr Co Mo Re W Al Ti Ta Nb Hf 
CMSX-10 2 3 0.4 6 5 5.7 0.2 8 0.1 0.03 
TMS-75 3 12 2 5 6 6 - 6 - 0.1 
Rene N6 4.2 12.5 1.4 5.4 6 5.75 - 7.2 - 0.15 
TMS-113 2.89 11.93 1.99 5.96 5.96 6.56 - 5.96 - 0.1 
 
 
 
 
 
Table 1.4. Chemical composition of fourth generation single crystal Ni-based 
superalloys (mass%) 
Alloy Cr Co Mo Re W Al Ta Hf Ru 
TMS-138 3 6 3 5 6 6 6 0.1 2 
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Fig. 1.6. Variation of the creep rupture lives of the SC superalloy TMS-75 and TMS-82+, 
as a function of the amount of γ' volume fraction. The creep rupture life is largest when 
the γ' fraction is about 70% [23]. 
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Fig. 1.7. A schematic representation of the typical constant load creep behavior 
associated with the stages of deformation [26].  
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Fig. 1.8. Typical creep response of Ni-base single crystal superalloys at three different 
temperature regimes: (a) low temperature/high stress, (b) intermediate 
temperature/intermediate stress, and (c) high temperature/low stress creep conditions. 
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Fig. 1.9. A schematic illustration of this metal-scale-gas system [35]. 
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Fig. 1.10. Oxidation growth curves for linear and parabolic rate laws [37]. 
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 Table 1.5. Characteristics of protective and non-protective oxide layers 
Protective (stable) oxide layer Non-protective (unstable) oxide layer 
Formation of a porous and cracked 
oxide film on the metal surface. 
Formation of a non-porous film on the 
metal surface. 
Because of porosity, O2 penetrates to 
the metal surface and reacts with the 
metal to form more oxide. 
O2 can only react with the metal ions 
through diffusion. 
Finally, the entire metal will be 
consumed. 
Growth rate decreases as the oxide scale 
thickness increases. 
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 Table 1.6. Rupture life data of MAR-M247 single crystal tested at 774 °C and 774 
MPa [41] 
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Fig. 1.11. Creep rupture lives shown as a function of orientation for MAR-M247single 
crystals tested at 774 °C and 724 MPa. The number associated with each orientation is 
the life of the crystal in hours; the corresponding letter in parentheses is the specimen 
identification [41]. 
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Fig. 1.12. Orientation dependence of the stress rupture life (in hours) at 760 °C and 750 
MPa of CMSX-2 single crystals, as a function of γ' precipitate size : (a) 0.23 μm, (b) 0.3 
μm, and (c) 0.45 μm [42]. 
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Fig. 1.13. Effect of orientation and γ' size on the high temperature stress rupture life of 
single crystals: (a) CMSX-2, at1050°C/120 MPa ; (b) alloy 454, at 980°C/200 MPa 
[42]. 
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 Table 1.7. Comparison of pack cementation and other processes 
Name of 
process 
Advantages Disadvantages 
Pack 
cementation 
1. Good repeatability of 
manufacturing process. 
2. Low equipment cost. 
3. Simplicity of process. 
1. Limited coating thickness 
achieved in this process. 
2. Deposition rate cannot be 
controlled.  
3. It is not readily applicable 
to coating of such internal 
surfaces 
4. Frequent pack-particles 
entrapment in the outer 
layer of the coating occurs. 
Out of pack 
1. Improve the coating  
uniformity in the internal 
channels and the blade 
cooling holes. 
2. Ensure better control over 
the process run. 
3. Increase the coating purity 
without confinement of the 
powder particles in it. 
4. Have no contact between the 
powder mixtures and the 
specimens.  
1. Deposition rate cannot be 
controlled. 
2. The coating thickness is not 
uniform between external 
and internal coatings. 
Chemical 
vapor 
deposition 
1. The capability of producing 
highly dense coating. 
2. Can produce uniform films 
with good reproducibility 
and adhesion at reasonably 
high deposition rates. 
3. Deposition rate can be 
adjusted and controlled 
readily. 
1. Chemical and safety 
hazards caused by the use 
of toxic, corrosive, 
flammable and/or explosive 
precursor gases. 
2. High production cost. 
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Fig. 1.14. The schematic illustration of pack cementation process. 
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Fig. 1.15. The schematic illustration of out-of-pack/vapor phase aluminizing process 
[52].  
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Fig. 1.16. The schematic diagram of CVD low activity co-deposition apparatus for 
aluminum and one or more reactive elements [54]. 
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Fig. 1.17. Features of TCP phases in aluminized Ni-base single crystal superalloys after 
300 h exposure at 1100 °C: (a) TMS-138A, (b) TMS-198 and (c) TMS-199 [57]. 
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 Table 1.8. Chemical compositions of TMS-138A, TMS-198 and TMS-199 [57] 
Alloys 
Elements (mass%) 
Co Cr Mo W Al Ta Hf Re Ru Ni 
TMS138A 5.8 3.2 2.8 5.6 5.7 5.6 0.1 5.8 3.6 Bal. 
TMS198 5.8 4.8 2.4 5.2 5.8 5.6 0.1 5.6 3.6 Bal. 
TMS199 5.8 6.4 2.2 4.6 5.7 5.6 0.1 5.6 3.6 Bal. 
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Fig. 1.18. Microstructure of Pt-modified aluminide coating on MC-NG [58]. 
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Fig. 1.19. Chapter and their relationship in the present study 
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CHAPTER 2 
 
Effect of alloying elements on microstructure and creep 
behavior of aluminized Ni-based single crystal superalloys 
 
2.1. Introduction 
High strength, creep and corrosion resistance at elevated temperatures are some of 
typical properties required for a turbine material. Various Ni-base superalloys have been 
developed with their attractive properties at high temperatures. An important step 
forward in the development of advanced turbine blade materials motivated the 
introduction of single crystal nickel-base superalloys [1,2].  
A specific characteristic of Ni-based single crystal superalloys is the presence of a 
large volume fraction of γ' phase [3,4]. This γ' phase is responsible for the high strength 
at elevated temperatures in these alloys. Modern nickel-based superalloys contain a 
volume fraction of up to 75% of the γ' ordered precipitate phase [5]. Furthermore, the 
addition of alloying elements makes it possible to tailor single crystal compositions with 
desirable mechanical properties. Refractory metals such as tungsten (W), tantalum (Ta), 
molybdenum (Mo) and rhenium (Re) have been supplemented since they significantly 
influence mechanical properties [6,7]. Nevertheless, Ru has been recently added to 
Ni-based single crystal superalloys in order to improve the microstructural stability and 
suppress the formation of these TCP phases, resulting in much improved high 
temperature creep properties [8]. However, this alloying trend has resulted in poor high 
temperature superalloy oxidation behavior [6]. At high temperature, the oxidation 
EFFECT OF ALLOYING ELEMENTS ON MICROSTRUCTURE AND CREEP BEHAVIOR OF ALUMINIZED 
NI-BASED SINGLE CRYSTAL SUPERALLOYS 
CHAPTER 2 
 
2-2 
 
behavior of the materials becomes one of the major life-limiting factors [9]. As a 
consequence, the coating is required to protect the surface of superalloys. Aluminide 
coatings have been produced onto the surface of superalloy by a pack cementation 
method for protecting hot-section components due to their good oxidation resistance 
and low cost [10,11].  
Several reports have discussed about the creep properties of Ni-based single crystal 
superalloys [12-15]. To date, there have been no reports on creep behavior of 
aluminized Ni-based single crystal superalloys with considering the specimen surface 
orientation effect using different types of superalloys. The main purpose of this study is 
to investigate the effect of alloying elements on microstructure and creep behavior of 
aluminized Ni-based single crystal superalloys with different surface orientations of the 
specimens.   
 
2.2. Experimental Procedures 
Three different generations Ni-based single crystal superalloys, PWA 1480 (1
st
 
generation), CMSX-4 (2
nd
 generation) and TMS-75 (3
rd
 generation), were used as 
experimental materials in the present study. Further information on the chemical 
composition and the heat treatment procedure of superalloys is presented in Table 2.1 
and 2.2, respectively.  
The crystallographic orientation of superalloys was analyzed by the X-ray Laue 
reﬂection method. The {100} and {110} side-surfaces creep specimens (Fig. 2.1) were 
prepared by electric discharge machining (EDM) with a cross-section area of 2.8 mm x 
2.8 mm and the gauge length of 19.6 mm (Fig. 2.2). The stress orientation of all the 
specimens was within 4 degrees of <001>. The specimens were mechanically polished 
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down to 1200 mesh by emery paper and ultrasonically cleaned in acetone bath for 10 
min prior to aluminizing process. 
In the present study, high-temperature low-activity (HTLA) process was used to 
prepare the aluminide coating on the surface of the superalloys. The polished specimens 
were then embedded in a container made of Al2O3 containing a powder mixtures. The 
composition of powder mixtures is 24.5 Al, 24.5 Fe, 49 Al2O3 and 2 NH4Cl (in mass %). 
The container was subjected to the vacuum furnace and heated at 1000°C for 5 h under 
argon flow, and then cooled to room temperature. After that, the container was taken out 
from the furnace and finally the coated specimens were ready to be examined by creep 
rupture test. 
The creep rupture tests were performed at a temperature of 900 °C under a constant 
load of 392 MPa. Additional creep tests were conducted by subjecting the bare 
specimens in comparison with the coated specimens. This additional creep test is 
important to realize the effect of aluminide coating on the creep behavior of single 
crystal Ni-based superalloys. The stress orientation of all of the specimens was within 
4° of <001>. Specimens with {100} side-surfaces and {110} side-surfaces were tested 
to determine the anisotropic creep behavior. A type-K thermocouple was attached on the 
gauge length section to monitor and maintain a constant temperature during the creep 
test.  
Polished specimens were used to observe of the initial microstructure of superalloys 
by optical microscopy (OM). A chemical solution containing HCl and HNO3 with a 
ratio of 3:1 was used as the chemical etchant to selectively dissolve the γ' phase present 
in the microstructures, to facilitate the identification of the precipitates. The 
microstructures before and after creep rupture test were observed by scanning electron 
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microscopy (SEM). The crystal orientation of the crept aluminized specimens was 
confirmed by SEM equipped with a TSL-OIM electron backscattered diffraction 
(EBSD) analyzer. Thereunto, the chemical compositions of the diffusion zone was 
analyzed by energy dispersive spectroscopy (EDS) on SEM.  
 
2.3. Results 
2.3.1. Heat-treated microstructures  
The optical and SEM micrographs of various superalloy substrates are shown in Fig. 
2.3. The γ/γ′ two-phase structure was observed in all superalloys, as is the case with 
standard Ni-based single crystal superalloys. The cuboidal γ′ precipitates were regularly 
aligned along <001> during the aging treatment due to the elastic interaction between 
precipitates.  
2.3.2. Microstructures of as-aluminized specimens 
SEM micrographs of as-aluminized Ni-base single crystal superalloys are shown in 
Figs. 2.4-2.6. In general, three distinct regions were obvious after aluminizing process 
in all of as-aluminized superalloys: (i) the protective (coating) layer, (ii) an 
interdiffusion zone (abbreviated as IDZ), and (iii) the substrate. The IDZ was formed 
between the coating layer and the substrate with varied thicknesses in all specimens 
both on {100} and {110} side-surfaces. The average thickness of IDZ was about 12 μm 
on {100} side-surface and 14 μm on {110} side-surface for aluminized PWA 1480 (Fig. 
2.4). For aluminized CMSX-4, the average thickness of IDZ was about 8 μm on {100} 
side-surface and 10 μm on {110} side-surface (Fig. 2.5). In case of aluminized TMS-75, 
the average thickness of IDZ was similar to be about 5 μm on both side-surface 
orientations (Fig. 2.6).  
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2.3.3. Creep behavior 
The creep curves of various superalloys performed at a temperature of 900 °C and a 
stress of 392 MPa are presented in Fig. 2.7. It was clear that the coated specimens had a 
shorter creep rupture lives than the bare specimens which means that the aluminizing 
process led to the decrease in creep rupture lives of superalloys. With respect to 
aluminized PWA 1480, the creep rupture lives were 76 h for {100} side-surface and 67 
h for {110} side-surface. Whereas in aluminized CMSX-4, the creep rupture lives were 
260 h for {100} side-surface and 242 h for {110} side-surface. The creep rupture lives 
were 525 h for {100} side-surface and 428 h for {110} side-surface for aluminized 
TMS-75. From the obtained results, the specimens with {100} side-surface exhibited a 
better creep rupture lives than the specimens with {110} side-surface. Note that the 
difference in creep rupture lives termed as anisotropic creep behavior between {100} 
and {110} side-surfaces occurred in all coated specimens. These results also indicated 
that the creep behavior affected by the crystallographic orientation of the specimens. 
Besides, the comparison of the creep rupture lives between the coated specimens and 
the bare specimens including the reduction in creep rupture lives between the two 
side-surface orientations are shown in Table 2.3. The chemical composition of 
superalloys plays an important role for improvement of the creep strength. The addition 
of rhenium resulted in a significant increase of creep life as demonstrated by TMS-75.  
2.3.4. Microstructures of crept aluminized specimens 
The reduction in effective cross-sectional area leads to the increment of the effective 
stress. Further information for alteration of effective cross-sectional area and effective 
stress after creep rupture test are summarized in Table 2.4. The {110} specimens 
demonstrated a higher alteration of effective cross-sectional area and effective stress 
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than those of {100} specimens. However, the reason for the increment of the effective 
stress triggered by the extension of diffusion layer thickness obtained during plastic 
deformation is associated with the microstructural change. The SEM micrographs of 
crept aluminized specimens are shown in Fig. 2.8-2.10. As can be seen in Fig. 2.8, the 
substrate diffusion zone (SDZ) was formed in aluminized PWA 1480. The average 
thickness of diffusion layer was 19 μm for {100} side-surface and 21 μm for {110} 
side-surface. The TCP phase was not observed in PWA 1480. In aluminized CMSX-4, 
the SDZ having needle-like TCP precipitates was formed on both side-surfaces 
orientations. As a consequence, the diffusion layer thickness increased to about 21 μm 
for {100} side- surface and 24 μm for {110} side-surface due to the formation of SDZ 
after creep rupture test (Fig. 2.9).  
The aluminized TMS-75 had an identical microstructure as the aluminized CMSX-4 
superalloy. Afterwards, the voids were obvious as well as locally distributed inside the 
SDZ for both specimens with {100} and {110} side-surfaces (Fig. 2.10). The detailed 
chemical compositions for both orientations (Fig. 2.10) are given in Table 2.5. The 
diffusion layer thickness was altered to be about 30 μm on {100} side-surface and 37 
μm on {110} side-surface. Figs. 2.11a-b and 2.12a-b are the corresponding orientation 
maps assigned as face-centered cubic (fcc) and body-centered cubic (bcc) structures, 
respectively. The image quality map (IQ) confirms the TCP phase and voids 
corresponding to Figs. 2.11a–b and 2.12a-b are shown in Figs. 2.11c and 2.12c, 
respectively. In these ﬁgures, the last images are the single-crystal substrate and 
orientation maps are displayed from the reference direction (RD), which is normal to the 
substrate/coating interface. It is clear from these ﬁgures that the surface aluminized 
layer consists of bcc polycrystalline grains while the IDZ consists of bcc and fcc phases. 
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Furthermore, the difference in grain size in the coating layer between the two 
orientations was observed. This difference might be induced by the difference in oxygen 
concentration in the coating layer between the two surface orientations. The oxygen 
concentration in the coating layer for {100} side-surface is higher than that for {110} 
side-surface as presented in Table 2.5. 
2.3.5. Fracture surfaces 
The longest creep rupture life was reached by TMS-75. The creep lives between 
{100} and {110} side-surface orientations denoted the highest difference value that is 
97 h in aluminized TMS-75 compared to other superalloys. Nevertheless, the difference 
of creep rupture life between the two side-surface orientations was tangible for other 
aluminized specimens but they were smaller than that of aluminized TMS-75. However, 
it proved that the anisotropic creep properties occurred in all aluminized specimens. 
Therefore, in order to clarify the anisotropic creep properties, the fracture surfaces were 
observed for aluminized TMS-75 as seen in Fig. 2.13. The fracture surface exhibited 
two different fracture modes, which can be classified as the dimple fracture region 
(mode I) (Figs. 2.13 b and 2.13 d) and the slip region (mode II) (Figs. 2.13 a and 2.13 c). 
The presence of the two different fracture modes on the fracture surface simultaneously 
suggests a mixed mode of failure during creep rupture tests at 900 °C. 
 
2.4. Discussion 
The primary purpose of a protective coating is to serve as a suspension between the 
substrate and the environment to prevent degradation. Although a protective coating is 
not designed specifically to enhance the mechanical properties of the material, its strain 
behavior and toughness are important with respect to its ability to protect the surface 
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and to prevent crack initiation under mechanical loading [16]. Accordingly, the creep 
rupture lives of aluminized specimens are lower compared to uncoated specimens. This 
suggested that creep fracture of the coated materials would be essentially controlled by 
the coated layers induced by the diffusion of aluminum from the protective coating into 
the base metal (substrate).  
The decrease in effective cross section area by formation of coating layers would be 
one of the factors to reduce creep strength as presented in Table 2.4. We considered that 
the decrease in the creep rupture lives of aluminized specimens is due to the change in 
microstructures during the aluminizing treatment. When aluminized specimens are 
applied to high temperature environments and stress [17], the interdiffusion of elements 
between the single crystal substrate and the coating layer takes place. However, the 
outward diffusion of Ni from the substrate leads to the enrichment of refractory 
elements and promotes the formation of topologically close-packed (TCP) phases. Re 
and W would promote the precipitation of TCP phase [17]. As the TCP phase is 
precipitated, the creep properties of superalloys are obviously diminished [18]. The TCP 
precipitates are found both in the aluminized CMSX-4 and TMS-75 superalloys since 
both superalloys have 3 and 5 % Re content. On the other hand, the TCP phase could 
not be observed in the aluminized PWA 1480 superalloy due to likely free of Re 
containing [19].  
The precipitation of TCPs at high temperatures is mostly associated with the 
formation of voids which may potentially act as initiation sites for fracture [20]. The 
voids are apparent in aluminized TMS-75 as shown in Fig. 2.10. The formation of voids 
is closely related to the Kirkendall effect where they are formed due to the different 
diffusion rate of two or more metal atoms [21]. When coated specimens are exposed at 
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high temperature, the volume changes at the interface of coating and substrate due to 
transformation of β-NiAl into γ′-Ni3Al lead to the Al outward diffusion from the SDZ as 
it oxidizes, form the voids in the SDZ.  
CMSX-4 and TMS-75 had longer creep lives compared to PWA 1480 (Fig. 2.3). 
CMSX-4 and TMS-75 contain 3 and 5 mass % of Re whereas PWA 1480 is free of Re. 
It exhibited that the chemical composition of alloys has an important role for the 
improvement of the creep life of superalloys. The compositions of modern single crystal 
superalloys are characterized by significant additions of refractory elements which can 
help to impart a remarkable resistance to creep deformation at elevated temperature. In 
these complex multi-component engineering superalloys, additions of Mo, W and Re 
are commonly incorporated to provide a high degree of solid solution strengthening in 
order to slow down the diffusion processes in superalloys [22]. This enables remarkable 
improvements in high temperature creep resistance.  
A significant improvement of the creep strength could be obtained by the addition of 
Re. As a refractory element, Re is proven to be a potent strengthener and key element 
for the improvement of mechanical properties of Ni-based single crystal superalloys. 
The concentration of Re distinguishes different stages of development of single crystal 
Ni-based superalloys. Second and third generation Ni-based single crystal superalloys 
containing Re have superior creep strength than first generation superalloy without Re. 
The element Re has several beneficial effects on the superalloy. The large and slow 
diffusing element Re segregates mainly in the matrix phase [23]. Additionally to the 
solid solution strengthening effect of Re in the matrix, Re atoms tend to cluster [24], 
thereby hindering dislocation movement. Some researchers report that Re clusters are 
distributed in the γ matrix phase with a size of about 1 nm [25]. Besides, it is known 
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that Re partitions mainly to the γ matrix, retards coarsening of the γ′ strengthening 
phase [25]. A study has been carried out on modified Mar-M200 single crystal alloys 
showed that addition of Re substantially lowered the γ′ coarsening kinetics [26]. The 
incorporation of Re in the first and second generations (3 mass% and 6 mass%) single 
crystal Ni-based superalloys results in a temperature capability improvement of about 
30 °C and 60 °C, respectively [22]. Unfortunately, Re is short in supply and hence fairly 
expensive. Moreover, the high price of Re gives rise to a large-scale increase of the 
production cost, which consequently restricts the application and development of single 
crystal superalloys. In order to minimize cost and density, it is of interest to examine 
how Re can be replaced with other strengthening elements (such as Mo and W) in 
Ni-based single crystal superalloys. Wollmer et al. have conducted the alloy 
investigation in order to minimize the Re concentration on the premise of keeping the 
creep strength [27].  
In terms of Mo, it plays an important role as a strong solid solution hardening 
element. The effect of Mo has been discussed where it partitions mainly to the γ matrix, 
and retards coarsening of the γ′ precipitates by reducing the bulk diffusion rate [28]. A 
recent study reported that the Mo addition to single crystal superalloys led to the 
formation of dense interfacial dislocation networks at high temperature and low-stress 
condition. These dislocation networks are effective for superalloys strengthening during 
creep [30]. Meanwhile, W is also being incorporated to reduce the concentration of Re. 
The W addition may increase the melting temperature of the superalloy since it has a 
high melting point and a low diffusion coefficient, as well as a reduced velocity of γ′ 
morphology changes [27]. However, superalloys containing high levels of these 
refractory alloying additions are also susceptible to the formation of TCP phases during 
EFFECT OF ALLOYING ELEMENTS ON MICROSTRUCTURE AND CREEP BEHAVIOR OF ALUMINIZED 
NI-BASED SINGLE CRYSTAL SUPERALLOYS 
CHAPTER 2 
 
2-11 
 
service at high temperatures [20]. The precipitation trend of TCP phase increases with 
the elements Re and W content due to the congregation of them during high temperature 
service. The TCP phases are rich in refractory elements which usually precipitated in the 
form of a needle or plate. The formation of TCP phase can diminish the creep strength 
of the superalloys [18].  
The mechanical properties of Ni-base single crystal superalloys are noticeably 
influenced by crystallographic orientation [30]. Therefore, aluminized coatings obtained 
by pack cementation on different crystallographic surfaces of Ni-base single crystal 
superalloy might lead to different structures. It is visible in the TMS-75 superalloy 
which the creep lives between {100} and {110} side-surfaces are more distinctive than 
the other superalloys as displayed in Table 2.3. Concisely, the anisotropic creep 
behavior is the most evident in the aluminized TMS-75. The anisotropic creep behavior 
that occurred in the present study was due mainly to the different arrangements of slip 
systems during the creep deformation.  
As shown in Fig. 2.13, the fracture surfaces of aluminized TMS-75 exhibited two 
different fracture modes. In the mode I region, small micro-voids formed and coalesced 
in the interior of the substrate. In the mode II region, crack propagates along the {111} 
crystallographic facets [31], which in the normal direction makes an angle of 54.7° with 
the tensile stress axis. Thus, the operation of {111}<101> slip system would result in a 
slip-band de-cohesion fracture along the {111} slip planes near the surface. The fracture 
surfaces of aluminized TMS-75 show different arrangements of the {111}<101> slip 
system in both orientations, as illustrated in Fig. 2.1. The ratio of the {111} plane 
(compared to the overall area) was estimated from Fig. 2.13. The percentage of 
crystallographic {111} planes associated with the activated slip system was about 16 % 
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for the specimen with {100} side-surface and 21 % for the specimen with {110} 
side-surface. Thus, we found that the specimen with {110} side-surfaces had a larger 
percentage of crystallographic {111} planes compared to the specimen with {100} 
side-surfaces. The operation of the {111}<101> slip system would be more activated in 
the {110} side-surfaces than in the {100} side-surfaces [31]. The dominant fracture 
modes in each orientation could therefore be addressed as the main reason for the 
anisotropy in creep behavior.  
The TCP phases, σ phase, coherently formed a thin continuous film on the {111} 
planes in aluminized TMS-75 [18]. The TCP phases grew in the shape of an x-mark for 
the {100} side-surface (Fig. 2.11b) and in the shape of a +-mark for the {110} 
side-surface (Fig. 2.12b). The TCP preferred precipitation orientation influenced the 
extension of zone under the IDZ that is the SDZ, which occurred during creep 
deformation. The depth of TCP penetration (which can be measured from Figs. 2.11 and 
2.12) was about 19 μm on the {100} side-surface and 24 μm on the {110} side-surface, 
respectively. The schematic illustration of TCP phase preferable growth in both 
orientations in two and three dimensions is presented in Fig. 2.14 and Fig. 2.15, 
respectively. The depth of TCP penetration might play an important role of a high 
diffusion path for refractory elements to enhance the further growth of diffusion layers, 
especially on {110} side-surface. Note that a TCP is a deleterious phase that deteriorates 
the creep strength of Ni-based single crystal superalloys [32].   
In conclusion, the {110} specimens exhibited lower creep rupture life than those of 
{100} specimens, this is due to the different arrangements of the {111}<101> slip 
system between the two surfaces. However, despite the absence of TCP precipitation, 
PWA1480 showed the secondary orientation effect. Therefore, the microstructural 
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changes during creep would be a common degradation mechanism for three superalloys. 
Nevertheless, the formation of TCP phase would be one of factors which responsible for 
decrease in creep rupture life for the CMSX-4 as a second and the TMS-75 as a third 
generation superalloys. 
 
2.5. Conclusions 
The following conclusions can be withdrawn from this study:  
(i) The addition of refractory elements especially Re has significantly improved 
the high temperature creep resistance. Re provides a high degree of solid 
solution strengthening to retard the diffusion processes in superalloys. On the 
other hand, these refractory elements promote for the formation of TCP phases 
in the diffusion zone during service at high temperatures. However, the 
advantage of these alloying elements addition is larger than their disadvantage. 
(ii) The creep rupture lives of superalloys were decreased due to aluminizing 
treatment. The microstructural change took place during alumizing treatment 
that affects the creep strength of superalloys. The change in effective 
cross-section area is one of factors that lead to the reduction in creep strength of 
coated superalloys. In addition, the formation of TCP phase during creep test 
seemed to be responsible for decrease of the creep strength because TCP phase 
can intrude into the substrate and destroy the γ/γ' microstructure, which is the 
principle for the excellent mechanical properties of superalloys. 
(iii) The aluminized specimens with {100} side-surface had longer creep rupture life 
than that of {110} side-surface for all superalloys. This is due to the different 
arrangements of the {111}<101> slip system between the two surfaces. Turning 
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to TMS-75, the influence of secondary orientation on creep life was the most 
pronounced among three alloys because of its chemical composition. 
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2.6. Figures and Tables 
 
 
 
Table 1. Chemical compositions of Ni-base single crystal superalloys (mass%) 
 Co Cr Mo W Al Ti Ta Re Hf Ni 
PWA 1480 5.2 10.0 - 4.0 5.0 1.4 12.1 - - bal 
CMSX-4 9.6 6.4 0.6 6.4 5.7 1.0 6.5 2.9 0.1 bal 
TMS-75 12 2.9 2.0 6.0 6.1 - 6.1 5.0 0.1 bal 
 
 
 
Table 2. Heat treatment procedures of alloys 
Alloy Solution heat-treatment Aging treatment 
PWA-1480 
1282 °C/1h  + 1287 °C/2h  + 
1294 °C/1h GFC 
1080 °C/4 h AC + 870 °C/32 h AC 
CMSX-4 
1277 °C/2h GFC + 1288 °C/2h + 
1296 °C/3h + 1304 °C/3h + 
1313 °C/2h + 1316 °C/2h + 
1318 °C/2h + 1321 °C/2h GFC  
1140 °C/4h GFC + 870 °C/20h 
GFC 
TMS-75 
1240 °C/1 h + 1280 °C/2 h + 
1300 °C/2 h + 1320°C/8 h GFC 
1150 °C/4 h GFC + 870 °C/20 h 
GFC 
GFC: Gas fan cooling; AC: Air cooling. 
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Fig. 2.1. Arrangement of {111}<101> slip systems for two kinds of specimens: (a) 
{100} and (b) {110} side-surface creep specimens. 
 
 
 
 
Fig. 2.2. Schematic of creep test specimen (mm) 
 
 
 
EFFECT OF ALLOYING ELEMENTS ON MICROSTRUCTURE AND CREEP BEHAVIOR OF ALUMINIZED 
NI-BASED SINGLE CRYSTAL SUPERALLOYS 
CHAPTER 2 
 
2-17 
 
 
 
 
Fig. 2.3. The optical and SEM micrographs of various superalloy substrates: (a) 
PWA-1480, (b) CMSX-4, and (c) TMS-75 
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Fig. 2.4. Cross-section images of as-aluminized PWA-1480: (a) {100} side-surface and 
(b) {110} side-surface 
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Fig. 2.5. Cross-section images of as-aluminized CMSX-4: (a) {100} side-surface and 
(b) {110} side-surface. 
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Fig. 2.6. Cross-section images of as-aluminized TMS-75: (a) {100} side-surface and (c) 
{110} side-surface. 
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Fig. 2.7. The creep curves of three different superalloys at a temperature of 900 °C and 
a stress of 392 MPa with differenet surface orientations. 
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Table 2.3. Creep rupture life ratio of the two surfaces 
 
 
 
 
 
 
 
 
Table 2.4. Decrease ratio in effective cross-section area (%) 
Alloy 
Total of diffusion zone (IDZ  
and SDZ) (µm) 
Decrease ratio in effective 
cross-section area (%) 
{100} {110} {100} {110} 
PW 1480 19 21 2.7 3.0 
CMSX-4 21 24 3.0 3.4 
TMS-75 30 37 4.3 5.2 
 
 
 
 
 
 
Alloy 
Creep rupture life (h) 
 
Creep rupture life ratio of the 
two surfaces ({110}/{100}) 
 
{100} {110} 
PW 1480 76 67 0.88 
CMSX-4 260 242 0.93 
TMS-75 525 428 0.81 
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Fig. 2.8. Cross-section images of crept aluminized PWA-1480: (a) {100} side-surface 
and (b) {110} side-surface. 
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Fig. 2.9. Cross-section images of crept aluminized CMSX-4: (a) {100} side-surface and 
(c) {110} side-surface whereas (b) and (d) are magnified images of (a) and (c), 
respectively. 
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Fig. 2.10. Cross-section images of crept aluminized TMS-75: (a) {100} side-surface and (c) 
{110} side-surface whereas (b) and (d) are magnified images of (a) and (c), respectively. 
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Fig. 2.11. Corresponding orientation maps (from Fig. 2.10a) assigned as (a) fcc and (b) 
bcc structures, (c) image quality map showing the TCP phase and voids in {100} 
side-surface specimen. 
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Fig. 2.12. Corresponding orientation maps (from Fig. 2.10c) assigned as (a) fcc and (b) 
bcc structures, (c) image quality map showing the TCP phase and voids in {110} 
side-surface specimen. 
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 Table 2.5. Chemical compositions of ruptured specimens from the coating-to-the 
substrate from Fig. 2.10 
No Region 
Side-surface 
orientation 
Elements (at. %) 
O Al Cr Co Mo Ni Ta W Re 
1 Coating {100} 1.12 34.08 4.58 7.78 - 49.07 2.16 1.21 - 
2 IDZ {100} 0.82 23.61 6.71 10.35 1.63 54.25 1.17 1.26 1.1 
3 SDZ {100} 0.69 19.47 7.42 10.26 1.7 58.43 1.31 1.33 1.19 
4 TCP {100} - 1.55 12.38 18.45 8.56 20.37 1.64 13.42 23.63 
5 Substrate {100} - 1.27 8.21 15.06 1.72 69.83 0.92 1.73 1.26 
1 Coating {110} 1.02 35.14 5.49 8.14 - 47.86 1.32 1.03 - 
2 IDZ {110} 0.88 19.34 8.62 11.84 1.81 52.19 1.89 1.96 1.47 
3 SDZ {110} 0.79 15.56 8.26 11.34 2.17 55.87 1.94 2.84 1.23 
4 Substrate {110} - 7.24 6.19 12.96 2.21 67.09 2.01 1.23 1.07 
5 TCP {110} - 2.07 11.34 17.68 7.87 21.66 1.41 12.32 25.65 
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Fig. 2.13. Fracture surfaces of crept aluminized TMS-75: (a,b) {100} side-surface and 
(c,d) {110} side-surface where (b) and (d) are the magnified images of (a) and (c), 
respectively. 
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Fig. 2.14. Schematic illustration of TCP phases preferable growth in two dimensions: 
(a) {100} side-surface and (b) {110} side-surface. 
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Fig. 2.15. Schematic illustration of TCP phases preferable growth in three dimensions: 
(a,b) {100} side-surface and (c,d) {110} side-surface. 
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Chapter 3 
  
Effect of temperature on anisotropic creep response of 
aluminized Ni-based single crystal superalloy  
 
3.1. Introduction 
The evolution of efficient gas turbine engine technology has brought about 
increased interest in high temperature creep resistant materials for the usage of turbine 
blades and vanes. Ni-based superalloys have established them as a potential candidate 
for industrial gas turbines and jet engines applications due to their superior mechanical 
properties [1-3]. In order to increase the service performance of power generating gas 
turbines and others, the mechanical properties of superalloys such as creep at high 
temperatures should be improved. Therefore, some modifications and improvements for 
higher temperature strength of Ni-based superalloys have intensively been carried out. 
Adding refractory elements (Re, W, and Mo) is one of methods used to increase the 
creep properties of superalloys, they are expected to reduce the diffusion processes in 
superalloys due to the solid solution strengthening effect of these elements in the 
superalloys [1,4]. For instance, the very expensive element rhenium (Re) is added in the 
second (containing 3% Re) and third (containing 5–6% Re) generation nickel base 
single crystal superalloys, respectively.  
During service at high temperatures, the turbine blades are located in a harsh 
environment which results in degradation of turbine blades. To prevent the turbine 
blades from degradation due to environmental attack, the coating are needed to be 
EFFEECT OF TEMPERATURE ON ANISOTROPIC CREEP RESPONSE OF ALUMINIZED NI-BASED SINGLE 
CRYSTAL SUPERALLOY 
CHAPTER 3 
 
3-2 
 
applied on the surface of turbine blades. Aluminide coatings have been produced onto 
the turbine blades either by a pack cementation method or a vapor aluminizing process 
for protecting hot-section components due to their good oxidation resistance and low 
cost [5]. The aluminide coating process has been reported by Das et al [6]. 
The creep properties of Ni-based single crystal superalloys have been extensively 
investigated [7-9]. Most creep studies discussed the creep properties of Ni-base single 
crystal superalloys in uncoated condition. However, few reports are found to investigate 
the creep properties of Ni-base single crystal superalloys in the coated condition [10,11].  
Therefore, this study investigates the creep response of aluminized Ni-base single 
crystal superalloy at intermediate and high temperatures. Even more, two different 
surface orientations of the specimens are used in this study as well in order to observe 
the anisotropy of creep between the two different temperatures applied. The 
microstructural change during creep test was determined as a function of 
crystallographic orientation, and the relationship between deformation mechanisms and 
creep behavior was briefly discussed. 
 
3.2. Experimental procedures 
A fully heat treated Ni-base single crystal superalloy CM186LC was used in this 
study. The nominal chemical composition of CM186LC is 5.74 Al, 0.73 Ti, 6 Cr, 9.3 Co, 
1.4 Hf, 3.4 Ta, 2.9 Re, 0.5 Mo, 8.3 W, 0.07 C and balance Ni in mass %. The CM186LC 
was solution heat treated at 1274 °C for 8 h under argon environment and subsequent 
two-steps aging treatment performed by primary aging of 4 h at 1080°C and secondary 
aging of 20 h at 871 °C, both aging treatments followed by air cooling to room 
temperature.  
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A cylindrical rod superalloy CM186LC with the dimension of 21 mm in diameter 
and 80 mm in length was used in this study. The crystallographic orientation of 
superalloy was analyzed by the X-ray Laue reflection method. The creep specimens 
with {100} and {110} side-surface orientations were prepared by electric discharge 
machining. The creep specimens have a rectangular shape with a cross-section area of 
2.8 mm x 2.8 mm and a gauge length of 19.6 mm. All specimens were mechanically 
polished down to 1200 mesh by emery paper and ultrasonically cleaned in acetone bath 
for 10 min prior to aluminizing process.  
In this study, the HTLA process was used to prepare an aluminide coating with a 
mixture of 24.5 mass % Al, 24.5 mass % Cr, 49 mass % Al2O3 and 2 mass % NH4Cl 
powders and heated at 1000 °C for 5 h in flowing argon. The polished specimens were 
embedded in a container containing a mixture powder. The aluminizing treatment was 
conducted at 1000 °C for 5 h under argon flowing and then cooled for overnight up to 
room temperature. The aluminized specimens were then taken out from the container.  
The creep rupture tests were conducted at low and intermediate temperatures, that is, 
at 750 °C/700 MPa (intermediate temperature creep) and at 900 °C/320 MPa ( high 
temperature creep) with a parallel load direction to <001> direction. In this study, some 
bare specimens were also tested at the same conditions as the coated specimens in 
comparison with the creep of aluminized specimens. The cross-section microstructures 
of the specimens after aluminizing treatment and creep rupture test were observed by a 
scanning electron microscopy (SEM). The chemical composition of the specimens 
before and after creep test was analyzed by means of energy dispersive spectroscopy 
(EDS) on SEM. The Vickers hardness values were measured by means of a 
micro-indenter at a load of 100 g with a dwell time of 20 s. The microhardness 
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measurements were applied at seven points in the coating to the substrate regions and 
they were then averaged. 
 
3.3. Results 
3.3.1. As-aluminized microstructures 
The cross-section images of as-aluminized specimens with different heat treatment 
procedures and surface orientations are shown in Fig. 3.1. IDZ was formed between 
coating and substrate. The formation of IDZ is due to outward diffusion of Ni from the 
initial surface of the substrate. This is a typical low-activity high temperature coating on 
a Ni-base single superalloy [8]. The IDZ thickness of aluminized specimens was about 3 
μm on {100} side-surface and 4 μm on {110} side-surface. Moreover, the chemical 
composition of as-aluminized specimens for each region is presented in Table 3.1. 
3.3.2. Creep behavior 
The creep curves of aluminized specimens with {100} and {110} side-surface 
orientations under diiferent creep conditions are presented in Fig. 3.2. At intermediate 
temperature, the primary, secondary and tertiary regions were apparent. The primary 
creep strain was relatively extensive that is about 6 % creep strain in both orientation 
specimens. For creep tests at intermediate temperature, the creep rupture lives of bare 
specimens were 421 h for {100} side-surface and 243 h for {110} side-surface, whereas 
for aluminized specimens at intermediate temperature were 342 h for {100} side-surface 
and 119 h for {110} side-surface (Fig. 3.2a). It was visible that the creep rupture life of 
aluminized specimen with {100} side-surface specimen was almost three times longer 
than that of {110} side-surface. As for creep tests performed at high temperature, the 
typical creep response consists of a brief primary creep with limited strain accumulation 
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(< 0.5%), followed by a relatively short period of secondary creep and extensive period 
of tertiary creep. For creep test at high temperature, the creep rupture lives of bare 
specimens were 421 h for {100} side-surface and 243 h for {110} side-surface, whereas 
for aluminized specimens were 310 h for {100} side-surface and 280 h for {110} 
side-surface (Fig. 3.2b). In general, the aluminized specimens exhibited a shorter creep 
rupture lives compared to the bare specimens. The creep results demonstrated that 
{100} specimens had a longer creep rupture life than those {110} specimens both in 
aluminized and bare specimens at all condition. However, the difference in creep 
rupture life between the two surface orientations was more pronounced in aluminized 
specimens at intermediate temperature rather than at high temperature.  
3.3.3. Cross-section microstructures of ruptured aluminized specimens. 
The cross-section microstructures of ruptured aluminized specimens under various 
creep conditions are shown in Figs. 3.3 and 3.4. At creep condition of intermediate 
temperature, the cross-section microstructures of ruptured aluminized specimens were 
similar to that of as-aluminized specimens for both orientations. However, the diffusion 
zone thickness has extended during creep deformation where the thickness of IDZ was 
approximately 6 μm for {100} side-surface and 8 μm for {110} side-surface (Fig. 3.3). 
On the other hand, the cross-section microstructures of ruptured aluminized specimens 
at high temperature were different from the microstructures of ruptures aluminized 
specimens at intermediate temperature where a new zone called as substrate diffusion 
zone (SDZ) formed beneath the IDZ (Fig. 3.4). The total thickness of diffusion layer 
(IDZ+SDZ) was about 14 μm for {100} side-surface and 17 μm for {110} side-surface. 
Additionally, the topologically close-packed (TCP) was observed after creep test at high 
temperature, however, either SDZ or TCP phase cannot be seen after creep test at 
EFFEECT OF TEMPERATURE ON ANISOTROPIC CREEP RESPONSE OF ALUMINIZED NI-BASED SINGLE 
CRYSTAL SUPERALLOY 
CHAPTER 3 
 
3-6 
 
intermediate temperature. In addition, the TCP phases grew up in a shape of x-mark for 
{100} side-surface and +-mark for {110} side-surface since they precipitated on {111} 
planes. The chemical composition of ruptured aluminized specimens at intermediate 
temperature and at high temperature is presented in Tables 3.2 and 3.3.  
3.3.4. Micro-Vickers hardness  
Micro-Vickers hardness measurements were applied on the longitudinal sections in 
the coating to the substrate regions for the condition before and after creep tests for all 
aluminized specimens. Fig. 3.5 shows the hardness curves of as-aluminized specimens 
on {100} side-surface and {110} side-surface. The hardness of IDZ was the highest in 
as-aluminized condition and its hardness values were about twice if compared with 
other regions for both orientations. Fig. 3.6 shows the hardness curves of ruptured 
aluminized specimens under various creep conditions. Basically, the hardness values of 
ruptured aluminized specimens were lower than that of as-aluminized specimens. The 
decreased in hardness values occurred in all regions for all conditions.  
3.3.5. Fracture surfaces 
Figs. 3.7 and 3.8 show the fractures surfaces of aluminized specimens for both 
orientations under different creep conditions. Under intermediate temperature creep, the 
fracture morphology shows stepped cleavage-like planes as well as microvoids (Figs. 
3.7a and 3.7c). The crystallographic cleavage-like planes appeared refer to {111} planes. 
It is evidence that creep deformation occurs by a slip process. A dimpled fracture 
morphology was visible for both orientations (Figs. 3.7b and 3.7d). Whereas Fig. 3.7c 
shows the presence of numerous crystallographic facets indicate that the rupture process 
involves multiple {111} planes which located at the right edge to the part of the lower 
edge in the specimen with {110} side-surface. Under high temperature creep, Fig. 3.8a 
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shows the cleavage-like steps can be seen that are inclined to the loading direction. Fig. 
3.8c shows the presence of numerous microvoids as well as the crystallographic {111} 
facets at the left side and the upper side. A dimpled fracture morphology can be also 
seen for both orientations (Figs. 3.8b and 3.bd). The dimpled fracture morphology 
indicates that the rupture occurred due to the nucleation, growth and coalescence of 
voids.  
 
3.4. Discussion 
The creep results showed that the aluminized specimens had a lower creep rupture 
lives than those of the bare specimens under all creep conditions (Fig. 3.2). We 
considered that the microstructural change during aluminizing treatment seems to be 
responsible for decrease in creep rupture lives of aluminized specimens. The 
microstructural change can be recognized from the formation of IDZ which lies between 
the coating layer and the substrate after aluminizing treatment. The enrichment of Al 
content in the IDZ compared to the substrate would take a place as shown in Table 3.1. 
Therewith, the Al content in the IDZ results in lowering the creep strength and 
premature failure of superalloy. It led to the reduction in creep strength may occur due 
to weakening of atomic bonds, since aluminum is a low melting metal its effect can be 
considered as similar to that of other low melting metals [12]. Therefore, the aluminide 
coating may produce a deleterious effect on the lifetime of aluminized specimens under 
various test conditions [13]. Furthermore, the microstructure of diffusion layers was 
changed during creep at both temperatures (Fig. 3.3). The decrease of the effective cross 
section area by formation of coating layers might be one of factors to reduce creep 
strength.  
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Temperature is one of factors affecting the creep behavior of aluminized specimens. 
As can be seen in Fig. 3.2, the creep rupture tests performed at intermediate temperature 
showed better creep rupture life than that at high temperature. It can be explained by the 
following reasons, such as primary creep, slip systems, changes in γ' size and the 
formation of TCP phase. First, at intermediate temperature, the extensive primary creep 
strain is a specific characteristic of creep response of Ni-based single crystal superalloy 
(Fig. 3.2a). It is apparent that the primary creep region is associated with a shortage of 
steady state creep region and followed by rupture. Whereas the creep responses of 
Ni-based single crystal superalloy at high temperature and low stress consists of a brief 
primary transient with limited strain accumulation (less than 0.5%), then followed by a 
relatively short period of secondary creep and long period of tertiary creep (Fig. 3.2b). 
Second, at intermediate temperature, two types of slip systems are active during creep 
deformation, that is, {111} <112> slip system during primary creep and {111}<101> 
slip system during steady state creep. Whereas at high temperature, the {111}<101> slip 
system is operative for relatively short period and {111}<112> slip system is not 
operative due to the limited strain accumulation. It was reported that the primary creep 
being controlled by {111} <112> planar slip and the extent of primary creep is limited 
by the strain hardening due to interactions between dislocation gliding in intersecting 
systems [14]. Third, the temperature affects the γ' size as seen in Fig. 3.9 where the γ' 
precipitate is still in cuboidal shape at intermediate temperature, whereas the γ' 
precipitate became coarsened at high temperature. The coarsening of the γ' precipitate 
size leads to lowering the creep rupture life of Ni-based single crystal superalloys [15]. 
Forth, the TCP phase was not formed at intermediate temperature, however, the TCP 
phase was formed at high temperature because it is known the aluminide coating on 
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Ni-based single crystal superalloys has the tendency to promote brittle phase of TCP 
phase at high temperature and stress [16]. TCP phase is normally composed of the 
elements of Ni, Cr, Mo, Co, W, and Re, thus the precipitation of TCP phase will deplete 
these elements form the matrix which leads to reduction of their solid strengthening 
effect. It indicates that the formation of TCP phase during creep test at high 
temperatures diminishes the creep strength of aluminized Ni-based single crystal 
superalloy [17]. TCP phase has a deleterious effect which diminishes the creep strength 
of Ni-base single crystal superalloy [18].  
The creep results shown in Fig. 3.2 represent the creep anisotropy where the 
difference in creep rupture lives between {100} side-surface and {110} side-surface was 
visible. The creep anisotropy can be confirmed by the difference in slip system, the 
diffusion zone thickness, the percentage of {111} plane on the fracture surfaces and the 
hardness of IDZ. First, anisotropic creep behavior is mainly restricted to primary creep. 
The extent of primary creep is remarkably sensitive to crystallographic orientation. The 
anisotropic creep behavior was caused by the different arrangement of {111} <112> slip 
system during primary creep and {111}<101> slip system during steady state creep. At 
both temperatures, it is clearly seen that {100} specimens have longer creep rupture life 
than those {110} specimens for all creep conditions. Note that at high temperature creep 
rupture life is less sensitive to the crystallographic orientation. It has been reported that 
the creep strength of tested samples is highly anisotropic at intermediate temperature, 
while at high temperature, the anisotropic creep behavior is significantly decreased, and 
the misorientation dependence of creep deformation is also less pronounced. The main 
reason of this occurrence is due to the increase of the active slip systems at high 
temperatures [19]. The dominant deformation mechanism of creep in the temperature 
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range above 850 °C is viscous slipping of a/2<110> dislocations and the climbing 
process along the γ/γ′ interface [20], and the slip activity on {111} planes at high 
temperature is less pronounced than that at intermediate temperature. Second, the 
microstructures of diffusion layer were changed during creep test (Figs. 3.3 and 3.4). 
The microstructural changes between the two creep temperatures were particularly 
different. The IDZ extended to be larger during creep test at intermediate temperature, 
but no other new diffusion zone formed beneath the IDZ and no TCP phase precipitated 
at all (Fig. 3.3). Otherwise, an SDZ was formed under the IDZ and the TCP phase was 
also precipitated at high temperature for both applied stresses (Fig. 3.4). The thickness 
of IDZ was about 6 μm for {100} side-surface and 8 μm for {110} side-surface at 
intermediate temperature (Fig. 3.3), whereas the total of diffusion zone thickness was 
about 14 μm for {100} side-surface and 17 μm for {110} side-surface at high 
temperature (Fig. 3.4). Third, at intermediate temperature creep, the percentage of 
crystallographic {111} planes was about 12 % for the specimen with {100} side-surface 
and 18 % for the specimen with {110} side-surface, whereas at high temperature, the 
percentage of {111} planes was about 14 % for the specimen with {100} side-surface 
and 16 % for the specimen with {110} side-surface. At last, the difference in hardness 
values of IDZ between the two temperatures was one of factors for the creep anisotropy 
(Fig. 3.6). The change in hardness values of IDZ can be correlated to the chemical 
content of its elements in IDZ as presented in Tables 3.2 and 3.3. Compared with Al 
content in as-aluminized condition (Table 3.1), the Al content decreased in the IDZ 
during creep rupture tests which leads to a drop in hardness value of IDZ itself (Fig. 
3.6). However, even after creep test, the hardness value of IDZ was still much larger 
than that of the substrate. Briefly, the {110} specimens exhibited lower creep rupture 
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lives than those of {100} specimens. 
As above mentioned, the creep anisotropy was more pronounced at intermediate 
creep than that at high temperature. Moreover, the deformation mechanisms of the two 
creep conditions are distinct. At intermediate temperature, the creep deformation is 
designated by the detachment of the coating layer from the IDZ, known as delamination. 
The delamination and the crack surface morphology at intermediate temperature are 
shown in Fig. 3.10. The delamination is attributed to the significant difference in 
hardness values between the coating layer and the IDZ. On {100} side-surface, the 
hardness values of the coating layer (near IDZ), the IDZ and the substrate (near IDZ) 
were 442 HV, 750 HV and 480 HV, respectively. Whereas on {110} side-surface, the 
hardness values of the coating layer (near IDZ), the IDZ and the substrate (near IDZ) 
were 425 HV, 706 HV and 450 HV, respectively. Furthermore, we consider the crack 
was initiated at the alumina scale and then propagated through the coating layer (Fig. 
3.10). Since the coating layer is the weakest region, the coating layer flaked off during 
creep test finally and the delamination occurred at this stage. Meanwhile at high 
temperature creep, the delamination was not observed (Fig. 3.4). The creep deformation 
at high temperature is affected by the change in microstructure after creep rupture test 
which results in difference in thickness of total diffusion zone as well as the formation 
of TCP phase.  
 
3.5. Conclusions 
The present study has highlighted the anisotropic creep behavior of aluminized 
Ni-base single crystal superalloy under different creep conditions. The following 
conclusions can be withdrawn from this study: 
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(i) The anisotropy on creep behavior was found either at intermediate temperature 
(750 °C) or at high temperature (900 °C). However, the anisotropy on creep 
behavior was more evident at intermediate temperature than that at high 
temperature owing to the higher strength and anisotropic slip system operation 
in IDZ and substrate at the intermediate temperature.  
(ii) The aluminized specimens with {100} side-surface had better creep rupture 
lives than those of {110} side-surface both at intermediate and high 
temperatures. This phenomenon is due to the different arrangement in the 
crystallographic geometry of {111} slip planes on which micro-cracks formed. 
(iii) The microstructural changes between the two creep conditions are obvious. The 
SDZ and TCP phase were observed at high temperature creep but not at 
intermediate temperature. The formation of SDZ imparts the extension of the 
diffusion zone which has a negative impact to the strength of aluminized 
Ni-based single crystal superalloy. Likewise, the formation of TCP causes the 
decrease of creep rupture life of aluminized Ni-based single crystal superalloy.  
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3.6. Figures and Tables 
 
 
 
 
 
Fig. 3.1. As-aluminized microstructures of a Ni-base single crystal superalloy: (a) {100} 
side-surface and (b) {110} side-surface. 
 
 
 
 
EFFEECT OF TEMPERATURE ON ANISOTROPIC CREEP RESPONSE OF ALUMINIZED NI-BASED SINGLE 
CRYSTAL SUPERALLOY 
CHAPTER 3 
 
3-14 
 
 
 
 
 
 
 
Table 3.1. Chemical compositions of the coating layer, the IDZ and the substrate after 
aluminizing treatment for both side-surfaces (at.%) 
 
IDZ: interdiffusion zone 
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Fig. 3.2. Creep curves of Ni-based single crystal superalloys under different creep 
conditions: (a) at 750°C/700MPa, and (b) at 900°C/320 MPa. 
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Fig. 3.3. Cross-section microstructures of ruptured aluminized specimens at 
750°C/700MPa: (a) {100} side-surface and (b) {110} side-surface. 
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Fig. 3.4. Cross-section microstructures of ruptured aluminized specimens at 900°C/320 
MPa: (a) {100} side-surface and (b) {110} side-surface. 
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Table 3.2. Chemical compositions of the coating layer, the IDZ, the SDZ and the 
substrate after creep rupture test at 750°C/700MPa for both side-surfaces (at.%) 
 
IDZ: interdiffusion zone; SDZ: substrate diffusion zone 
 
Table 3.3. Chemical compositions of the coating layer, the IDZ, the SDZ and the 
substrate after creep rupture test at 900°C/320MPa for both side-surfaces (at.%) 
 
IDZ: interdiffusion zone; SDZ: substrate diffusion zone 
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Fig. 3.5. Hardness values of as-aluminized specimens along the coating to the substrate 
regions on {100} and {110} side-surface orientations. 
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Fig. 3.6. Hardness values of ruptured aluminized specimens under various creep 
conditions: (a) at 750°C/700MPa, and (b) at 900°C/320 MPa. 
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Fig. 3.7. Fractures surfaces of aluminized specimens at 750°C/700MPa: (a,b) {100} 
side-surface and (b,d) {110} side-surface where (b) and (d) are the magnified images of 
(a) and (c), respectively. 
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Fig. 3.8. Fractures surfaces of aluminized specimens at 900°C/320MPa: (a,b) {100} 
side-surface and (b,d) {110} side-surface where (b) and (d) are the magnified images of 
(a) and (c), respectively. 
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Fig. 3.9. Change in γ' precipitate size on {100} side-surface after creep test: (a) at 
750°C/700MPa and (b) at 900°C/320MPa.  
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Fig. 3.10. Crack surface morphologies of ruptured aluminized specimens at 
750°C/700MPa: (a) {100} side-surface and (b) {110} side-surface. 
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CHAPTER 4 
 
Effect of specimen thickness on anisotropic creep behavior of 
aluminized single crystal Ni-based superalloy 
 
4.1. Introduction 
Single crystal Ni-based superalloy is the material with superior high-temperature 
strength and environmental resistance. These superalloys are utilized as turbine blades 
of the industrial gas turbine and jet engine at high temperatures and high stress 
environments. Under high temperature circumstances, the fatigue, creep and hot 
corrosion induced the service lifetime of the turbine blade is limited [1]. To prolong its 
service lifetime, the operating temperature should be demoted by air cooling and or by 
applying the thermal barrier coating. Alongside these advances in materials, significant 
improvements have been made to the cooling configurations. The latest generation 
blades use a multi-pass configuration, where the flow passes through a long passage 
before being exhausted. This maximises the heat pick-up of the cooling air, enabling 
increases to the main stream gas temperatures and reductions in required cooling flow. 
These advantages combine to improve the engine efficiency. The air has a relatively 
long path inside the blade before being exhausted through dust holes and film cooling 
holes, increasing its potential to absorb heat through contact with the metal. Thinner 
walls increase the cooling efficiency and the reduce weight of the turbine blades. 
However, the improvements of the cooling configuration have brought about the 
decrease of the wall thickness of rotating blade. Nowadays, the single crystal blades 
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designed with a wall-thickness of 0.7 mm are in service [3]. In consequence, the effect 
of section thickness on the creep deformation and the rupture plays an important role in 
the design and durability [2]. In addition, the diffusion coating (i.e. aluminide coating) 
has been applied on the surface of the blades to protect them from oxidation and 
corrosion at high temperatures. When the aluminized specimens are exposed to high 
temperature, the microstructure is changed by the diffusion between the coating layer 
and the substrate. This microstructure change can cause the formation of topologically 
close-packed (TCP) phase [4], and secondary reaction zone diffusion zone (SRZ) in 
which TCP precipitation and recrystallization take place as a result of the interdiffusion 
between coating layer and substrate [5]. TCP phases formed during the coating process 
and in service, resulting in decreasing creep strength [4]. Furthermore, the single crystal 
superalloys used in the turbine blade has remarkable anisotropic properties. The plastic 
anisotropy is determined by the arrangement of slip systems which is assigned by the 
crystallographic orientation of the specimen and the load stress direction. Although the 
studies have been made on the creep properties of aluminized Ni-based single crystal 
superalloys [6,7], so far no studies have ever discussed for the effects of the primary and 
secondary crystallographic orientations using the thin specimens. Therefore, this study 
purpose is to investigate the mechanism of the anisotropy which is characteristic for the 
single crystal and its effect on the creep strength using thin aluminized single crystals. 
For comparison, the thick specimens were also tested with the tensile stress direction of 
[001] only. 
 
4.2. Experimental Procedures 
A second generation single crystal Ni-based superalloy CMSX-4 was used as an 
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experimental material in this study. The nominal composition of single crystal 
superalloy CMSX-4 in mass % is 9 Co, 6.5 Cr, 0.6 Mo, 1 Ti, 6 W, 5.6 Al, 6.5 Ta, 3 Re, 
0.1 Hf and balance Ni. The alloy was subjected to solution heat treatments (2 h at 
1277 °C, 2 h at 1288 °C, 3h at 1296 °C, 3h at 1304 °C, 2 h at 1313 °C, 2 h at 1316 °C, 2 
h at 1318 °C and 2 h at 1321 °C) and a two-step aging treatment (4 h at 1140 °C and 20 
h at 870 °C). The initial crystallographic orientation of the superalloy CMSX-4 was 
determined by the X-ray Laue reflection method. The creep specimens were prepared 
by electric discharge machine (EDM) (Fig. 4.1). The creep specimens were cut with 
different cross section areas, that is, 2.8 mm x 2.8 mm (square cross section) for thick 
specimen, and 2.8 mm x 0.5 mm for thin specimen with a gauge length of 19.6 mm. The 
creep specimens were then mechanically polished down to 1200 mesh by SiC paper and 
ultrasonically cleaned in acetone bath for 10 min prior to aluminizing process. 
 In the present study, the HTLA (High-Temperature Low-Activity) process was 
used to prepare an aluminide coating with a mixture of 24.5 mass % Al, 24.5 mass % Cr, 
49 mass % Al2O3 and 2 mass % NH4Cl powders. The aluminizing treatment was 
conducted at 1000 °C for 5 h in flowing argon and then cooled to room temperature. 
The creep tests were then performed at two different conditions, that is, at 900 °C/392 
MPa with orientations B and C for thick specimens and at 900 °C/300 MPa with 
orientations A-D for thin specimens. For thin specimens, two kinds of stress directions 
were employed. Each stress was applied for cross-section area of the substrate before 
coating. The cross-section microstructures of ruptured coated specimens were observed 
by a scanning electron microscopy (SEM). Micro-Vickers hardness measurement was 
applied from the coating to substrate regions at a load of 200 g for 20 s. The Vickers 
hardness number is based on the average diagonal length of an imprint made from the 
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indenter. This hardness measurement is useful to evaluate the gradient of the hardness in 
the coating-to-substrate regions. 
4.3. Results 
4.3.1. Creep curves 
The creep rupture lives of thick (square cross section) aluminized specimens at 
900 °C/392 MPa are shown in Fig. 4.2. The creep rupture lives of the bare specimens 
were generally higher than those of the aluminized specimens both in orientations B and 
C. This indicated that the aluminizing treatment resulted in significant decrease in creep 
rupture lives. In orientation B, the creep rupture lives were 360 h for bare specimen and 
250 h for aluminized specimen. Whereas, in orientation C, the creep rupture lives were 
345 h for bare specimen and 220 h for aluminized specimen. With regard to the 
side-surface orientation, the specimens with orientation B had a slightly longer creep 
rupture lives than those of the specimens with orientation C. But the difference in creep 
rupture lives between the two orientations was small in both bare and aluminized 
specimens.  
The creep rupture lives at 900 °C/300 MPa of thin aluminized specimens are shown 
in Fig. 4.3. It was clear that the [001]-tensile stress direction (orientations B and C) 
showed a longer creep rupture life and higher ductility than the [011]-tensile stress 
direction (orientations A and D). In case of specimens with [001]-tensile stress direction, 
orientation B showed a lower creep strain rate and a longer creep rupture life than that 
of orientation C. The creep rupture lives were 491 h for orientation B and 186 h for 
orientation C. The creep rupture life for orientation B was about 2.6 times longer than 
that of orientation C. Concisely, the influence of crystallographic orientation on creep 
behavior was more pronounced in the thin specimen (Fig. 4.3) than those in the thick 
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specimen (Fig. 4.2). Meanwhile the specimens with [011]-tensile stress direction, 
orientation A showed a larger creep strain rate and shorter rupture life compared with 
orientation D. The creep rupture life was 89 h for orientation D and 4 h for orientation A. 
The creep rupture life in orientation D was increased by a factor of 22 compared to 
orientation A.  
4.3.2. Microstructures of ruptured thin aluminized specimens 
Fig. 4.4 shows the cross-section backscattered electron micrograph of ruptured thin 
aluminized specimens with four different orientations. In fact, the diffusion layer 
thickness extended during creep deformation. The diffusion layer which was consisted 
of IDZ and a new zone called as substrate diffusion zone (SDZ) was found in all 
orientations. The SDZ is defined as layer that lies beneath the IDZ where the matrix has 
not transformed to β but nevertheless has a raised level of aluminum. SDZ should be 
differentiated from IDZ because it is of significance that it remains particularly γ′ and 
retains the orientation of the single crystal substrate [8]. In addition, the TCP phases 
were precipitated within the SDZ as seen in Fig. 4.4. In orientation A, the TCP was just 
found a little since the creep rupture life was very short. The average lengthwise 
diffusion layer thickness (IDZ+SDZ), which measured with reference to the X1 and X3 
direction, and the effective cross-section area ratio are given in Table 4.1. The difference 
in thickness of the diffusion layer was likely due to the formation of SDZ and the 
preferential growth direction of TCP phases within SDZ.  
4.3.3. Fracture surface of ruptured thin aluminized specimen 
Fracture surfaces of ruptured thin aluminized specimens of each orientation are 
shown in Fig. 4.5. In orientations A and D, the fracture surface showed entirely a slip 
plane (Figs. 4.5(a) and (b)). The slip plane in orientations A and D with the [011]-tensile 
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stress direction was found to be a {111} crystallographic plane. Whereas the specimens 
with the [001]-tensile stress direction, the fracture surface was consisted of the dimple 
regions and the slip-planes regions (Figs. 4.5(c), (d)). 
4.3.4. Micro-Vickers hardness  
The micro-Vickers hardness values of the coating layers, IDZ and SDZ on the cross 
section after creep rupture test are shown in Table 4.2. The IDZ exhibited the highest 
hardness values in all orientations. The SDZ showed a higher hardness values than those 
of the coating layer and the substrate but lower than the IDZ. The hardness values of the 
IDZ were increased about 50-62 % compared to the substrate. Whereas the hardness 
values of the SDZ were increased about 30-55 % compared to the substrate. However, 
the hardness values of the diffusion layers showed a higher hardness than those of 
coating layer and substrate for all orientations. In short, it was clear that the highest 
hardness values were obtained in the IDZ both before and after creep tests.  
 
4.4. Discussion 
We investigated the creep behavior of aluminized specimens with various 
orientations. The aluminide coating resulted in the formation of the SDZ that affects the 
strength of the superalloy [4]. In fact, the creep rupture lives of aluminized specimens 
are lower compared to bare specimens as shown in Fig. 4.2. It is well-known that the 
coating layer has no ability to sustain the applied load during creep test. What is even 
worth, the presence of coating layer reduces the effective cross-section areas that lead to 
drop in creep rupture life. In case of the thin specimens, the influence of the effective 
cross section area became larger [8]. Accordingly, it would be one of the factors to 
reduce creep strength.  
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The crack nucleation in the coating and diffusion layers and the propagation on a 
{111} plane of the substrate were observed (Fig. 4.6). The crack nucleation occurs in 
the coated layer rather than in the substrate for the conventionally and directionally 
solidified Ni-based superalloy Rene 80 [8]. The main reason for the preferential 
formation of micro-cracks in the coated layer is attributed to the higher hardness of the 
diffusion layers relative to the substrate [6]. This reason also confirms that the creep 
strength of the bare specimens is higher than the coated specimens as shown in Fig. 4.2. 
Moreover, the refractory elements (i.e. W, Re and Mo) are expected to reduce the 
diffusion processes in superalloys due to the solid solution strengthening effect of these 
elements in the superalloys. But they could promote the formation of TCP phases [9]. 
TCP has a deleterious effect that deteriorates the creep strength of Ni-based single 
crystal superalloys [10,11].  
The specimens with [001]-tensile stress direction (orientations B and C) had a 
longer creep rupture lives as well as ductility compared to the specimens with 
[011]-tensile stress direction (orientations A and D), as shown in Fig. 4.3. This is 
evident that the stress direction is a factor that affects the creep strength. Leverant [14] 
reported that the dominant deformation mechanism was caused by shearing the γ' 
precipitate by a diffusive slip of a/2<110> dislocation pairs, and {111}<101> slip 
systems were active in the creep of single crystal Mar-M200 performed at 875 °C/413 
MPa. In the [001]-tensile stress direction, each specimen has eight equivalent slip 
systems. If one of slip systems operates preferentially, it will result in its Schmid factor 
is reduced. Otherwise, the Schmid factor of other slip systems is increased. Therefore, a 
number of slip systems always operate at the same time to cause the multiple and stable 
slip. In orientations A and D whose the tensile stress direction is [011], only one or two 
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slip systems operates preferentially causing the unstable slip. However, in orientations B 
and C whose tensile stress direction is [001], the stability slip is likely to be occurred; as 
a result, orientations B and C showed a greater creep rupture lives and ductility 
compared to the orientations A and D whose tensile stress is [011].  
The plastic anisotropy will be discussed with respect to the influence of resolved 
shear stress on the slip system, which plays a primary role in the creep strength of 
aluminized specimens. It is considered that four kinds of specimens exist having 
different kinds of plastic anisotropy caused by the change in the geometrical 
arrangement of the slip systems as shown in Fig. 4.1. The resolved shear stresses on the 
slip planes under a multi-axial stress state are shown in Table 4.3. On all the principal 
slip systems in the four kinds of specimens, the same amount of resolved shear stress (1/
√6) σ22 acts when the square-cross-sectional specimens are subjected to a uniaxial 
tensile stress σ22. A certain amount of the lateral stresses, σ11, σ33 will arise because of 
Poisson effect. Therefore, under a multi-axial stress state, the resolved shear stress  is 
decreased by the lateral stresses: 11 in the width direction and 33 in the thickness 
direction. As shown in Table 4.3, there are two types of slip systems. The group of slip 
systems that results in a contraction of the thickness of the specimen is named as the T 
group, while the group of slip systems that result in a contraction of the width of the 
specimen is named as the W group. The detailed information for each orientation is 
elaborated as follows: 
(a) Orientation A (r = 0). There are four principal slip systems in this orientation. In this 
orientation, the same amount of resolved shear stress acts when the 
square-cross-sectional specimens are subjected to a uniaxial tensile stress 22 on all 
principal slip systems. Thus, if the primary slip instability does not occur, the same 
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amount of shear stress will occur on each slip system. In this case, a lateral 
distortion only in the thickness direction is produced, but that in the width direction 
is 0. Therefore, the plastic anisotropy of this orientation can be simplified as r = 0. 
In multi-axial stress state, the resolved shear stress acting on the primary slip is 
decreased by the 33 in the thickness direction only but the 11 in the width direction 
has no effect at all. In the plane stress condition, the lateral stress33 is nearly equal 
to zero; therefore, a larger shear stress  will be applied on the slip planes. 
Consequently, none of the resolve shear stresses belonging to T group could be 
reduced by the lateral stress and the creep strength will be extremely low in this 
orientation. 
(b) Orientation B (r = 1). There are eight primary slip systems in this orientation. In 
uniaxial stress, the same amount of resolved shear stress is applied to primary slip 
systems on each of eight primary slip systems. Thus, r is equal to 1. However, under 
a multi axial stress, the resolved shear stress acting on the four primary slip systems 
is not the same as on other four primary slip systems. If 11 > 33, the four primary 
slip systems belonging to T group (as seen in Table 1) will preferentially operate, 
and this group will result in a contraction of the thickness of the specimen only. The 
mode of plastic anisotropy due to this group is the same as that of orientation A. 
Meanwhile if 11 < 33, another group (W group) will operate preferentially, and will 
result in a contraction of only the width of the specimen. The mode of plastic 
anisotropy is the same as that of orientation D. The resultant r value will vary from 
unity to zero or to infinity according to the stress state. Thus, the r value of this 
orientation is named the extrinsic r = 1. Under a plane stress condition, none of the 
resolve shear stresses belonging to T group are reduced by the lateral stress.  
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(c) Orientation C (r = 1). This orientation is obtained from rotating one with orientation 
B around the X2 axis by 45 deg. The mode of plastic anisotropy in orientation C is 
similar to orientation B.  
(d) Orientation D (r = ∞). This orientation is obtained from rotating one with orientation 
A around the X2 axis by 90 deg. The slip systems in this orientation result in a 
contraction of only the width of the specimen; thus, r = ∞. In the specimens, the 
resolved shear stress acting on the principal slip systems is affected by the 11 in the 
width direction only. 
 
For thick specimen, each slip system was subjected to the same amount of resolved 
shear stress. However, the thin specimen is under the plane stress condition, that is, 33 
is approximately equal to zero; therefore, a large shear stress  will be applied for the 
slip systems belonging to the T group. As a consequence, the larger shear stresses 
would be applied in orientations A, B and C. This larger shear stress will promote creep 
deformation by {111}<101> slip system operation. In the thin specimens whose tensile 
stress orientation is [011], orientation D showed lower strain rate and longer life than 
orientation A because it includes only W-group slip systems and no T-group slip 
systems. In the case of [001] tensile stress orientation, orientation B showed a lower 
creep rate and longer life than orientation C. However, there is no essential difference 
between the two orientations since the specimens contain both W and T group slip 
systems. 
The fracture surface exhibited two different fracture modes, which can be classified 
as the dimple fracture region (mode I) and the slip region (mode II) in orientations B 
and C (Figs. 4.5(c) and (d)). In the mode I, micro-voids formed and coalesced in the 
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interior of the substrate. In the mode II, a crack propagated along {111} planes, which in 
the normal direction makes an angle of 54.7° with the [001]-tensile stress direction. The 
operation of {111}<101> slip system resulted in an abrupt fracture along {111}-slip 
planes. The thin specimens having [001]-tensile stress direction, the percentage of 
crystallographic {111} facets associated with the activated slip system was about 12 % 
in orientation B and 24 % in orientation C. In case of thin specimens whose tensile 
stress orientation is [011], the {111} slip planes was entirely found in the fracture 
surface (Figs. 4.5(a) and (b)). Therefore, the orientations A and D have poor creep 
strength. These results show that crack propagation on {111} will affect the creep 
rupture life of the thin specimen. It is assumed that crack propagate along the maximum 
shear stress direction on {111} primary plane. As shown in Fig. 4.7, in four kinds of 
crystallographic specimens, the maximum shear stress directions are <112> on {111} 
planes. The <112> direction shear stresses on {111} planes are summarized in Table 4.4. 
On all the principal slip systems in the four kinds of specimens, the same amount of 
resolved shear stress (√2/3) σ22 acts when the square-cross-sectional specimens are 
subjected to a uniaxial tensile stress σ22. A certain amount of the lateral stresses, σ11, σ33 
arise because of Poisson effect. Turning now to the thin specimens whose tensile 
direction is [011], the specimen with orientation D had a longer rupture life and the 
elongation rate decreased remarkably than orientation A (Fig. 4.3). The amount of 
maximum shear stress on {111} will affect crack growth rate. In orientation D (Table 
4.4), the resolved shear stress acting belonging to the W group is as follows: 
  
√ 
 
          
 
The resolved shear stress τ is decreased by the lateral stress σ 11 in the width direction. 
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To put it another way, τ acting on all slip systems belonging to W group would be 
reduced. In orientation A (Fig. 4.6), under a multiaxial stress state, the resolved shear 
stress on the slip plane is indicated as:  
  
√ 
 
          
 
In the thin specimens, i.e., plane stress condition, σ33 is approximately equal to 0; 
therefore, a larger shear stress τ will be applied on the slip planes. Consequently, in 
orientation A, none of τ acting on the slip systems belonging to T group could be 
reduced and the creep strength was extremely low (Fig. 4.3). Considering the specimens 
whose tensile direction is [001], the rupture lifetime of orientation B was 2.6 times 
longer than that of orientation C (Fig. 4.3(a)). Orientation B showed remarkable strain 
hardening (Fig. 4.3(b)). In orientation B, under a multiaxial stress state, τ acting on the 
slip systems belonging to TW group is expressed as: 
  
√ 
 
(     (
       
 
)) 
 
Although σ33  0, the lateral stress σ11 would decrease the resolved shear stress τ. As a 
result, the resolved shear stress acting on the {111} planes belonging to TW group 
would be reduced by σ11. Consequently, the thin specimen of orientation B showed 
higher creep strength. Meanwhile, in orientation C (Table 4.4), there are two kinds of 
slip systems. The shear stresses belonging to W group would be reduced by σ11; 
however, those belonging to T group would not be reduced. The poor creep resistance 
of orientation C (Fig. 4.3(a)) resulted from the larger shear stress compared with 
orientation B.  
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Furthermore, the effective cross section area associated with crack growth on {111} 
planes will be another factor. Fig. 4.8 shows the relationship between crack length 
nucleated on the {111} planes and the effective cross section area, assuming that a crack 
propagates on a {111} plane along the maximum shear stress direction. A crack 
propagation on {111} planes led to a greater decreased in the effective cross section 
area in orientations A and D compared to orientations B and C. In summary, orientation 
B showed the better creep rupture life than orientation C in the [001] tensile specimen; 
while orientation D showed the better creep rupture life than orientation A in the [011] 
tensile specimen because of the lower shear stress on the crack propagation plane and 
lower decreasing rate of the effective cross section area in each case.  
 
4.5. Conclusions 
The present work has highlighted the crystallographic anisotropy influence on creep 
behavior of aluminized single crystal Ni-based superalloy. The following conclusions 
can be drawn from this work: 
(1) The creep rupture life of coated specimen was shorter than that of the bare specimen. 
The aluminide coating caused a detrimental effect on the creep behavior of single 
crystal Ni-based superalloy.  
(2) For thick specimens, the creep rupture life of the specimen with {100} side-surface 
was slightly longer than the specimen with {110} side-surface both in coated and 
bare conditions. 
(3) In case of thin aluminized specimens, the effect of crystallographic orientation was 
noticeable. It can be interpreted by considering the factors in creep deformation and 
crack propagation. The creep deformation will be affected by the tensile stress 
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orientation and {111}<101> slip system operation, while the fracture by a crack 
propagation will be affected by the magnitude of <112> direction shear stress and 
the change in effective cross-section area on the {111} planes.   
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4.6. Figures and Tables 
 
 
 
 
Fig. 4.1. Arrangement of {111}<101> slip systems for four types of creep specimens. 
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Fig. 4.2. Creep curve of thick aluminized single crystal Ni-base superalloy CMSX-4 at 
900 °C/392 MPa. 
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Fig. 4.3. (a) Creep rupture and (b) creep strain rate curves of thin aluminized single 
crystal CMSX-4 at 900 °C/300 MPa. 
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Fig. 4.4. SEM cross-section micrographs of ruptured thin aluminized specimens at 
900 °C/300 MPa: (a) orientation A, (b) orientation B, (c) orientation C and (d) 
orientation D . 
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Table 4.1. The total depth of diffusion layers (IDZ+SDZ) and the effective cross-section 
area ratio 
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Fig. 4.5. Fracture surfaces of ruptured thin aluminized specimens for: (a) orientation A, 
(b) orientation D, (c) orientation B, and (d) orientation C. 
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Table 4.2. Average micro-Vickers hardness values of the coating layer, the IDZ, the 
SDZ and the substrate after a creep rupture test at 900 °C/300 MPa with four 
orientations 
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Fig. 4.6. Creep crack on a {111} plane in the diffusion layers of ruptured thin specimen 
(orientation C): (a) low magnification and (b) high magnification. 
 
 
 
 
 
 
 
 
 
 
 
 
EFFECT OF SPECIMEN THICKNESS ON ANISOTROPIC CREEP BEHAVIOR OF ALUMINIZED SINGLE 
CRYSTAL NI-BASED SUPERALLOY 
CHAPTER 4 
 
4-23 
 
 
 
 
 
 
 
 
Table 4.3. Resolved shear stress (τ) acting on each of the {111}<101> slip systems 
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Fig. 4.7. The maximum shear stress directions on {111} planes. 
 
 
 
 
EFFECT OF SPECIMEN THICKNESS ON ANISOTROPIC CREEP BEHAVIOR OF ALUMINIZED SINGLE 
CRYSTAL NI-BASED SUPERALLOY 
CHAPTER 4 
 
4-25 
 
 
 
 
 
Table 4.4. Resolved shear stress τ for each <112> direction on {111} slip planes 
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Fig. 4.8. Relationship between crack length on a {111} plane and effective cross-section 
area at different orientations. 
 
 
 
 
 
 
 
 
0 20 40 60 80 100
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
C
D
B
 
 
E
ff
e
c
ti
v
e
 c
ro
s
s
-s
e
c
ti
o
n
 a
re
a
 (
m
m
2
)
Crack length on {111} plane (m)
A
EFFECT OF SPECIMEN THICKNESS ON ANISOTROPIC CREEP BEHAVIOR OF ALUMINIZED SINGLE 
CRYSTAL NI-BASED SUPERALLOY 
CHAPTER 4 
 
4-27 
 
References 
[1]  Huttner R, Volkl R, Gabel J, Glatzel U, Creep behavior of thick and thin 
walled structures of a single crystal nickel-base superalloy at high 
temperatures: Experimental methods and results, in: Reed RC, Green KA, 
Caron P, et al., editors, Proceeding of the Eleventh International Symposium 
on Superalloys, Seven Springs, Metals and Materials Society, United States, 
(2008), pp. 719-723. 
[2]  Huettner R, Gabel J, Glatzel U, Voelkl R, First creep results on thin-walled 
single-crystal superalloys, Materials Science and Engineering A, Vol. 510-511, 
(2009), pp. 307-311. 
[3] Brunner M, Bensch M, Voelkl R, Affeldt E, Glatzel U, Thickness influence on 
creep properties for Ni-based superalloy M247LC SX, Materials Science and  
Engineering A, Vol. 550, (2012), pp. 254-262. 
[4]  Rae CMF, Hook MS, Reed RC, The effect of TCP morphology on the 
development of aluminide coated superalloys, Materials Science and 
Engineering A, Vol. 396, (2005), pp. 231-239. 
[5]  Murakami H and Sakai T, Anisotropy of secondary reaction zone formation in 
aluminized Ni-based single-crystal superalloys, Scripta Materialia, Vol. 59, 
(2008), pp. 428-431. 
[6]  Kang SB, Kim YG, Kim HM, Stoloff NS, The influence of a coating 
treatment and directional solidification on the creep rupture properties of a 
nickel-base superalloy, Materials Science and Engineering, Vol. 83, (1986), pp. 
75-86. 
[7]  Veys JM, Mevrel R, Influence of protective coatings on the mechanical 
EFFECT OF SPECIMEN THICKNESS ON ANISOTROPIC CREEP BEHAVIOR OF ALUMINIZED SINGLE 
CRYSTAL NI-BASED SUPERALLOY 
CHAPTER 4 
 
4-28 
 
properties of CMSX-2 and Cotac 784, Materials Science and Engineering, Vol. 
88, (1987), pp. 253-260. 
[8]  Sato A, Aoki Y, Arai M and Harada H. Effect of aluminide coating on creep 
properties of Ni-base single crystal superalloys, Journal of Japan Institute of 
Metals, Vol. 71, (2007), pp. 320-325. 
[9] Schulze C, Feller-Kniepmeier M, Transmisson electron microscopy of phase 
composition and lattice misfit in the Re-containing nickel-base superalloy 
CMSX-10, Materials Science and Engineering A, Vol. 281, (2000), pp. 
204-2012. 
[10]  Rae CMF and Reed RC, The precipitation of topologically close-packed 
phases in rhenium-containing superalloys, Acta Materialia, Vol. 49, (2001), pp. 
4113-4125. 
[11]  Simonetti M, Caron P, Role and behaviour of μ phase during deformation of a 
nickel-based single crystal superalloyMaterials Science and Engineering A, 
Vol. 254, (1998), pp. 1-12. 
[12]  Kakehi K, Effect of plastic anisotropy on creep strengths of single crystals of 
a Ni-base superalloy, Metallurgical and Materials Transactions A, Vol. 31, 
(2000), pp. 421-430. 
[13] Kakehi K, Influence of Secondary Precipitates and Crystallographic 
Orientation on Strength of Single Crystals of a Ni-Base Superalloy, 
Metallurgical and Materials Transaction A, Vol. 30, (1999), pp. 1249-1259. 
[14]  Leverant GR, Kear BH and Oblak JM. Creep of precipitation-hardended 
nickel-base alloy single crystals at high temperatures, Metallurgical 
Transactions, Vol. 4, (1973), pp. 355-362. 
HIGH TEMPERARATURE OXIDATION CHARACTERISCTICS OF NI-BASED SINGLE CRYSTAL 
SUPERALLOY WITHOUT AND WITH ALUMINIDE COATING 
CHAPTER 5 
 
5-1 
 
CHAPTER 5 
  
High temperature oxidation characteristics of Ni-based single 
crystal superalloy without and with aluminide coating 
 
5.1. Introduction 
Ni-based single crystal superalloys have been widely used in the industrial gas 
turbines and jet engines. The materials with superior properties in mechanical strength 
and oxidation resistance are required for high temperature applications [1-3]. Today, the 
surface operating temperatures of gas-turbine blades could reach 1200°C or even higher. 
However, high operating temperature motivates the degradation of superalloys during 
service with respect to oxidation or corrosion [4,5]. More importantly, the oxidation 
behavior of materials becomes one of the predominant life-limiting factors for high 
temperature applications.  
To enhance the mechanical properties of superalloys, several alloying elements are 
usually added, including Mo, W, Ta, Re and Nb through the solid solution hardening 
method and Al and Ta via formation of a γ′ precipitate in a γ nickel matrix [6,7]. The 
superalloys with refractory elements content have a good protection to local hot 
corrosion and Re addition is also able to improve the oxidation resistance [8]. Even, 
carbon is added to strengthen the grain boundary properties of superalloys [9] while Al 
and Cr are used to optimize its oxidation resistance. 
Mostly, the single-crystal alloys are not utilized in the uncoated condition due to 
their relatively poor oxidation resistance at high temperatures. Typical temperature and 
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stress distribution across a single crystal turbine blade during service is shown in Fig. 
5.1 [10]. The yellow and red colors refer to high temperatures with various stresses. 
These two colors are very potential for the oxidation process during service. Thus, the 
oxidation behavior of the base material is important in case of coating failure. 
Aluminized coatings have been applied on Ni-base superalloys by the pack aluminizing 
process. This pack aluminizing is intended to produce the protective aluminide coatings 
on the surface of Ni-base single crystal superalloy components [11]. Two types of 
aluminizing treatment was established which known as high-temperature low-activity 
(HTLA) [11-14] and low-temperature high-activity (LTHA) [11,12,15,16] processes, 
depend upon the temperature of aluminizing and the activity of the pack used. Hence, 
attempts were necessary to study the high-temperature-oxidation behavior of both the 
protective coatings and the nickel-base substrate materials. The aim of the present study 
is to investigate the oxidation behavior characteristics of Ni-based single crystal 
superalloy without and with aluminide coating at 1100 °C in air with different surface 
orientations.  
 
5.2. Experimental procedures 
A Ni-based single crystal superalloy CM186LC was used as an experimental 
material. The chemical composition of CM186LC is 5.74 Al, 0.73 Ti, 6 Cr, 9.3 Co, 1.4 
Hf, 3.4 Ta, 2.9 Re, 0.5 Mo, 8.3 W, 0.07 C and balance Ni in mass %. The CM186LC 
was solution heat treated at 1274 °C for 8 h under argon environment and subsequent 
two-steps aging treatment performed by primary aging of 4 h at 1080°C and secondary 
aging of 20 h at 871 °C, both aging treatments followed by air cooling to room 
temperature. The principal oxidation surfaces of single-crystal samples were identified 
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to be within 4° of the desired orientations using the Laue technique. The specimens 
were then cut from the rod with {100} and {110} side-surfaces with the dimension of 
10 mm in length, 5 mm in width and 3.5 mm in thickness by electro discharge machine 
(EDM). Prior to aluminizing treatment, the specimens were mechanically polished 
down to 1200-grit SiC paper, degreased in alcohol, ultrasonically cleaned in alcohol and 
dried in air.  
The specimens were coated by pack aluminizing process and some of them were not 
coated. In this study, the high temperature low activity (HTLA) process was used to 
prepare for the aluminide coating. The specimens were then embedded in an Al2O3 
retort containing a mixture of 24.5 mass % Al, 24.5 mass % Cr, 49 mass % Al2O3 and 2 
mass % NH4Cl powders and heated at 1000 °C for 5 h in argon atmosphere. All of 
aluminized specimens were subjected to isothermal oxidation in air at 1100 °C for 500 h. 
After oxidizing for the periods, 25, 50, 100, 200 and 500 h, the specimens were 
detached and weighed. Oxidation kinetics at each temperature was determined through 
the relationship between mass gain and oxidation time. The mass gains were measured 
by an electro balance with the precision of 0.1 mg after the specimens were air cooled to 
room temperature.  
The initial microstructure of superalloy was observed by optical microscopy (OM). 
The oxide phase formed on the surface of superalloy after oxidation was identified by 
X-ray diffraction (XRD) using Cu Kα radiation. The outer surfaces and cross sections 
through the oxidized specimens were observed by scanning electron microscopy (SEM). 
The chemical composition of oxide scale-to-substrate regions after oxidation was 
determined by energy-dispersive X-ray spectroscopy (EDS) on SEM. 
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5.3. Results 
5.3.1. Heat-treated microstructures  
Heat-treated microstructures of Ni-based single crystal superalloy CM186LC are 
shown in Fig. 5.2. The γ/γ′ two-phase structure was easily observed, as is the case with 
standard Ni-based single crystal superalloys (Fig. 5.2a). Cuboidal γ′ precipitates were 
regularly aligned along <001> [17] during the aging treatment due to the elastic 
interaction between precipitates (Fig. 5.2b). The superalloy CM186LC contains about 
70 vol. % cuboidal γ′ precipitates. 
5.3.2. Microstructures of as-coated specimens 
Microstructures of as-aluminized specimens are shown in Fig. 5.3. As can be seen, 
the as-aluminized specimens consisted of the coating layer, a diffusion zone called as 
interdiffusion zone (IDZ) and the substrate on both orientations. The formation of 
coating layer in a HTLA process is mainly due to the outward diffusion of Ni from the 
substrate and its reaction with aluminum available from the pack [18]. The coating 
formation leads to the growth of a β-NiAl layer outward with regard to the initial 
substrate surface. Finally, the region under the initial surface of the substrate that 
sustains the lack of Ni due to its outward diffusion develops as the interdiffusion zone 
(IDZ) [10]. The IDZ thickness was about 4.4 μm on {100} side-surface and and 4.7 μm 
on {110} side-surface.  
5.3.3. Oxidation kinetics 
The curves of mass gain of uncoated specimens as a function of oxidation time at 
1100°C with different surface orientations is plotted in Fig. 5.4. The mass gain of 
uncoated specimens was significantly increased in the initial oxidation stage for both 
surfaces. This is possibly due to the free surface of superalloy. Afterwards, the mass 
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gain of uncoated specimens was gradually increased with increasing the oxidation time. 
The plots of square of mass gain of uncoated specimens obtained a nearly linear line 
which indicated that the oxidation kinetics followed a parabolic oxidation law at 1100°C 
as seen in Fig. 5.5. It was obvious that the mass gain of uncoated specimens with {100} 
side-surface was higher than the specimens with {110} side-surface. Moreover, the 
parabolic rate constant Kp of superalloy can be estimated by a linear least-squares 
algorithm from the following equation [19]: 
(∆m/A)2 = Kp. t                 (1) 
where Kp is the parabolic rate constant which can be directly obtained by plotting the 
square of the mass gain (mg
2
/cm
4
) over exposure time. The parabolic oxidation rate 
constants (Kp) can be determined from the slope of (∆m/A)
2
 vs t are 1.27 x 10
-6
 
mg
2
cm
-4
s
-1
 for {100} side-surface and 8.57 x 10
-7
 mg
2
cm
-4
s
-1
 for {110} side-surface. In 
addition, the {100} specimens showed a higher oxidation rate than those of {110} 
specimens.  
In case of aluminized specimens, the isothermal kinetics curves of aluminized 
specimens at 1100 °C are shown in Fig. 5.6. The mass gain of aluminized specimens 
was increased significantly in the initial oxidation stage up to 100 h oxidation in both 
orientations. The mass gain of aluminized specimens was then slightly increased with 
increasing the oxidation time after 100 h oxidation at 1100 °C in both orientations. The 
plots of square of mass gain resulted in approximately straight lines as shown in Fig. 5.7, 
indicating that the oxidation kinetics approximately followed a parabolic oxidation law 
at 1100 °C. The Kp values of aluminized specimens are 1.11 x 10
-7
 mg
2
cm
-4
s
-1
 for {100} 
side-surface and 1.3 x 10
-7
 mg
2
cm
-4
s
-1
 for {110} side-surface. The comparison of Kp 
values between the uncoated specimens and the aluminized specimens indicated that the 
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aluminide coating may improve the oxidation behavior of Ni-based single crystal 
superalloy. However, the oxidation rate of {110} side-surface was slightly higher than 
that of {100} side-surface. The anisotropy on oxidation behavior occurred even though 
the difference in oxidation rate was very small between the two surface orientations. 
The results showed that the anisotropy on oxidation behavior might also occur in 
aluminized specimens.  
5.3.4. X-ray diffraction 
The XRD results of the surface of uncoated specimens after 25 h, 100 h, and 500 h 
oxidation at 1100°C with different surface orientations are shown in Figs. 5.8-5.10, 
respectively. After oxidation for 25 h, the oxidation products formed on the surface of 
the uncoated specimens were mainly α-Al2O3 and (Ni,Co)Al2O4 with some small 
amounts of NiCr2O4, NiTiO3, (Ni,Co)O and CrTaO4 on both orientations (Fig. 5.8). 
After oxidation for 100 h, the oxide formed on the surface of uncoated specimens were 
predominantly α-Al2O3 followed by (Ni,Co)Al2O4, NiCr2O4, CrTaO4, NiTiO3 and 
(Ni,Co)O, and a small amount of HfO2 on both orientations (Fig. 5.9). After oxidation 
for 500 h, the oxidation products were somewhat similar to that for 100 h, but the 
intensity of α-Al2O3 and some other oxides was generally increased on both orientations 
(Fig. 5.10).  
The XRD results of the surface of aluminized specimens after 25, 100 h, and 500 h 
oxidation at 1100°C with different surface orientations are shown in Figs. 5.11-5.13, 
respectively. The oxide products formed on the aluminized specimens after oxidation 
for 25 h exhibited that the phases were mainly composed of β-NiAl accompanied with 
θ-Al2O3 and α-Al2O3 in both orientations (Fig. 5.11). After oxidation for 100 h, the 
diffraction peaks of α-Al2O3 became stronger whereas θ-Al2O3 and the peaks intensity 
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of β-NiAl were being weakened in both orientations (Fig. 5.12). After oxidation for 500 
h, the diffraction peaks of α-Al2O3 were further stronger, whereas θ-Al2O3 was slightly 
detected, but β-NiAl phase was still detected on the coated specimen in both 
orientations (Fig. 5.13).  
5.3.5. Surface morphology 
The surface morphologies of oxide scale grown on the uncoated specimens after 25 
h, 100 h, and 500 h oxidation at 1100°C on different surface orientations are presented 
in Figs. 5.14-5.16, respectively. After 25 h oxidation, the oxide scale formed has fine 
particle size with a high oxidation rate where the fine particles were uniformly 
distributed on the surface of the uncoated specimen on both orientations (Fig. 5.14). 
After 100 h oxidation, the particles of the oxide products were being coarsened. For 
instance, the NiO particles with somewhat large particle size were randomly distributed 
on the surface of uncoated specimen and they were sealed the other oxides as can be 
seen on both orientations (Fig. 5.15). From Fig. 5.15, it was obvious that the particle 
size of the oxide products increased with increasing the oxidation time. After 500 h 
oxidation, the NiO particles grew become larger than previous condition and they were 
spread over the surface of the uncoated specimen as well as covered the other oxides 
formed beneath the NiO particles (Fig. 5.16). However, NiO particles have a porous 
structure and blocky morphology as shown in Fig. 5.16. The grain size of NiO grown on 
{100} side-surface was larger than that on {110} side-surface.  
The surface morphologies of oxide scale grown on the coated specimens after 25 h, 
100 h, and 500 h oxidation at 1100°C on different surface orientations are presented in 
Figs. 5.17-5.19, respectively. The initial stage of oxidation played an important role 
during overall oxidation process. Platelet θ-Al2O3 called as metastable phase was 
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observed everywhere on the surface of aluminized specimens with some amounts of 
equiaxed α-Al2O3 after oxidation for 25 h on both orientations (Fig. 5.17). The platelet 
θ-Al2O3 was still found on the surface of aluminized specimens but the amounts of 
equiaxed α-Al2O3 increased with further exposure time after oxidation for 100 h on both 
orientations (Fig. 5.18). The increment of the amounts of α-Al2O3 indicated that the 
transformation from θ-Al2O3 to α-Al2O3 took place during oxidation process. After 500 
h oxidation, the morphology of scale was primarily dominated by dense α-Al2O3 and 
remnant θ-Al2O3 locally existed on both orientations (Fig. 5.19).  
5.3.6. Cross-section microstructures of oxidized specimens 
Cross-section microstructures of uncoated specimens after 25 h, 100 h and 500 h 
oxidation at 1100°C are presented in Figs. 5.20-5.22, respectively. The complex oxide 
scale formed on the surface of uncoated specimens at 1100°C can be divided into 
several layers and it was basically similar on both orientations. After 25 h oxidation (Fig. 
5.20), on the top layer (point 1), the oxide scale was composed of NiO with a small 
amount of CoO followed by some white precipitates CrTaO4, an intermediate layer 
(point 2) which primarily consisted of (Ni,Co)Al2O4 combined with small amounts of 
NiCr2O4 and NiTiO3, and an inner layer (point 3) was composed of α-Al2O3 continuous 
layer which appeared as dark areas at the bottom of oxide scale accompanied with a 
small amount of HfO2 precipitates which locally distributed within the inner layer. After 
oxidation for 100 h, the composition of the oxide scale was similar to 25 h oxidation 
condition. However, the NiO was visible become larger and more white precipitates 
CrTaO4 were observed under the NiO layer. The white precipitates were aligned along 
the horizontal axis on both orientations but the {100} specimen contained more white 
precipitates compared to the {110} specimen (Fig. 21). After 500 h oxidation, the oxide 
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scale widened which means that the oxidation period affected the thickness of the oxide 
scale (Fig. 5.22). The NiO was more obvious on the top layer of oxide scale on both 
orientations (point1). Since the thickness of the oxide scale was extended, the 
intermediate layer can be divided into two layers. The first intermediate layer (point 2) 
was mainly composed of (Ni,Co)Al2O4, NiCr2O4 combined with CrTaO4 and NiTiO3, 
whereas the second intermediate layer mainly composed of (Ni,Co)Al2O4, NiCr2O4 with 
small amounts of CrTaO4 and NiTiO3 (point 3) and the voids were also found on {100} 
side-surface as shown in Fig. 5.22a. With respect to {110} side-surface, the first 
intermediate layer predominantly consisted of (Ni,Co)Al2O4, NiCr2O4 with small 
amounts of CrTaO4 and NiTiO3 (point 2), whereas the second intermediate layer mainly 
composed of (Ni,Co)Al2O4, NiCr2O4 combined with small amounts of CrTaO4 and 
NiTiO3 (point 3) as seen in Fig. 5.22b. Meanwhile, an inner layer (point 3) was 
composed of α-Al2O3 continuous layer which appeared as dark areas at the bottom of 
oxide scale accompanied with a small amount of HfO2 precipitates on both orientations 
(Fig. 5.22). The chemical compositions of the oxide scale which represented by the 
points (1 to 4) in the uncoated specimens after oxidation for 100 h and 500 h at 1100°C 
on both orientations are given in Tables 5.1 and 5.2, respectively.  
The cross-section SEM images of aluminized specimens after 25 h, 100 h and 500 h 
oxidation at 1100°C are presented in Figs. 5.23-5.25, respectively. After 25 h oxidation, 
the diffusion zone formed during aluminizing treatment was being extended on both 
orientations, and a small amount of topologically close-packed (TCP) phase was 
observed in the substrate. Besides, the carbides were also found on both orientations 
(Fig. 5.23). The microstructures after 100 h oxidation were similar to after oxidation 25 
h. However, the amount of TCP phases and carbides further increased with increasing 
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oxidation time on both orientations (Fig. 5.24). The TCP phases showed a typical 
preferable growth where the TCP phase grows in a shape of cross-mark in {100} 
side-surface and in a shape of plus-mark in {110} side-surface. After 500 h oxidation, 
the amount of needle-like TCP precipitates was increased and its size became more 
lengthened compared to the previous ones (Fig. 5.25). The chemical compositions of the 
scale-to-substrate regions in the coated specimens after oxidation for 500 h at 1100°C 
on both orientations are given in Table 5.3. 
 
5.4. Discussion 
The oxidation kinetics of Ni-base single crystal superalloys in the temperature range 
of 1000–1150°C in air has been reported which follows the parabolic law [5]. In the 
present study, the oxidation kinetics of Ni-base single crystal superalloy CM186LC 
nearly follows the parabolic law. The oxidation kinetics demonstrated that the 
specimens with {100} side-surface oxidized at rates more rapid than that the specimens 
with {110} side-surface and the curve shown in Fig. 5.4 represented this behavior. 
Furthermore, the parabolic oxidation rate (Kp) which derived from Fig. 5.5 exhibited 
that {100} side-surface has a higher oxidation rate than that of {110} side-surface. It 
means the anisotropy was also occurred on the oxidation behavior not only on the 
mechanical properties of single crystal metals even though the difference in Kp value 
between the two orientations was small. In short, the oxidation behavior of 
single-crystal metals and alloys has been influenced by the crystallographic orientation 
of the specimen.  
The kinetics curves of aluminized specimens are also nearly follows the parabolic 
law. During the initial oxidation stage, the rates of the mass gains were rapidly increased 
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on both surfaces. This is due to the formation of fast growing metastable θ-Al2O3. The 
rates of the mass gain were then decreased drastically when the phase transformation to 
thermodynamically stable and slowly growing α-Al2O3 after oxidation for 100 h (Fig. 
5.6) [20]. The results indicated that the phase transformation depends upon the 
temperature and the oxidation time. It was also observed during the transient stage that 
the oxidation rate was rapidly increased owing to the formation of θ-Al2O3 [21]. 
Nevertheless, when the transformation from θ-Al2O3 to α-Al2O3 took place, the mass 
gain rates of the specimens were obviously decreased. With increasing oxidation time, 
transient alumina such as θ-Al2O3 transforms to α-Al2O3, which forms a continuous, 
stable and protective oxide layer. When the protective alumina scale formed, transport 
of Al to scale-gas interface can be precluded, and resulted in the formation of metastable 
θ-Al2O3 was hindered. As a consequence, the rate of mass gain rate was decreased due 
to the formation of protective alumina. It also revealed that it was controlled by the 
growth of alumina scale. The anisotropy on oxidation behavior was observed in 
aluminized specimens. The aluminized specimens with {110} side-surface showed a 
slightly higher oxidation rate than those of {100} side-surface (Fig. 5.7).  
In the uncoated specimens, the simple oxides such as NiO, CoO, Al2O3 and others 
are mostly formed during the initial oxidation stage but the transient-oxidation period 
was very short because of the rapid build-up of the inner α-Al2O3 resulting from rapid 
outward diffusion of Al from the substrate into the metal/oxide scale interface. A 
mixed-oxide scale formed on the surface of the uncoated specimen after 500 h oxidation 
at 1100°C. The solid phase reaction among the simple oxides may occur, leading to the 
formation of (Ni,Co)Al2O4 [5], NiCr2O4 [5], NiTiO3 [5] and CrTaO4 [5]. Besides, the 
HfO2 precipitates are visible decorating within the inner α-Al2O3 as mentioned in Table 
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5.4. HfO2 precipitate was produced by the following reaction: HfC + O2 → HfO2 + 
CO2 [22]. Moreover, the extension of oxidation time results in the increasing the 
thickness of the oxide scales which causes the change in chemical composition of its 
oxides. The NiO grew become larger forming a blocky morphology as seen in Fig. 5.16. 
Moreover, Ni diffusion outward is hindered by the rapid development of the inner 
α-Al2O3 layer, and NiO growth is finally inhibited. 
In case of aluminized specimens, the metastable θ-Al2O3 formed during the 
transient stages of oxidation, sometimes this phase also called as a transition alumina. 
The formation of metastable θ-Al2O3 results in a fast oxidation rate in the transient stage 
as seen in Fig. 5.6 [21]. It was also reported that Cr presumably accelerated the initial 
growth of metastable alumina phase leading to rapid mass gains occurred during initial 
oxidation [23]. The metastable θ-Al2O3 will then transform to α-Al2O3, which is the 
only stable structure in this system, with further oxidation time. It can be proved that the 
oxide scale primarily composed of metastable phase θ-Al2O3 with a small amount of 
stable phase α-Al2O3 after 25 h oxidation. The amount of α-Al2O3 was increased with 
increasing the oxidation time. After 500 h oxidation, the α-Al2O3 dominated on the 
surface of the aluminized specimens (Fig. 5.19). However, the aluminized specimen 
with {110} side-surface presented a little bit higher amount of α-Al2O3 than the 
aluminized specimen with {100} side-surface, and a small amount of θ-Al2O3 was still 
observed in both orientations. It means that the transformation of alumina phase from 
θ-Al2O3 to α-Al2O3 of the aluminized specimen with {110} side-surface is slightly more 
rapid than the aluminized specimen with {100} side-surface. Another thing, the amount 
of TCP phases increased with increasing oxidation time as seen in Figs. 5.23-5.25. 
When aluminized specimens are exposed to high temperature environments and stress 
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[24], the interdiﬀusion of elements between the single crystal substrate and the coating 
layer occurs. However, the outward diﬀusion of Ni from the substrate leads to the 
enrichment of refractory elements and promotes the formation of TCP phases. The 
refractory elements such as Re W, and Mo promote the precipitation of TCP phase [24].  
In the present study, the anisotropy on oxidation behavior of uncoated specimens 
occurred at 1100 °C. The results displayed that the specimens with {100} side-surface 
oxidized at higher oxidation rate than the specimens with {110} side-surface (Fig. 5.4). 
The results obtained are generally in accordance with single crystal studies that 
consistently revealed more rapid oxidation on {100} side-surface than on {110} 
side-surface [25]. This means that the anisotropy on oxidation behavior was truly 
occurred in this study. The difference in oxidation rate constant (Kp) values of uncoated 
specimens between the two surfaces led to the difference in NiO grain size, oxides scale 
structure and thickness of oxide scale. These differences are thus indication for 
anisotropy on oxidation behavior in uncoated specimens. Besides, the difference in 
oxidation rates between the two surfaces of uncoated specimens can be attributed to the 
difference in grain size. An increase in the grain size of NiO at the surface related to an 
increase in the available paths for ion transport, this has been proposed elsewhere [26]. 
Consequently, various oxidation rates resulted from the different surface of the 
specimen will influence the grain size formed during oxidation. Additionally, the 
crystallographic orientations not seem to affect oxidation kinetics only, but also 
influence oxide scale structure developed on the surfaces of superalloy when oxidized at 
elevated temperatures. It is also responsible for different oxide scale phase constitution 
in the intermediate layer of uncoated specimens between the two surfaces as presented 
in Fig. 5.22. Furthermore, the difference in oxide scale thickness of uncoated specimens 
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was apparent where the maximum thickness of the oxide scale formed is about 18 μm 
on {100} side-surface and 11 μm on {110} side-surface after oxidation for 500 h at 
1100°C as seen in Fig. 5.22. 
In order to clarify the anisotropic oxidation behavior of uncoated specimens, we 
should pay attention to the difference in oxidation rate constant (Kp) values between the 
two surfaces. The Kp value difference is due to the different arrangement of γ/γ′ 
structure between the two surfaces. It is well known that single crystal Ni-base 
superalloys are particularly consisted of γ′ and γ phases. The single crystal Ni-base 
superalloys are strengthened by the cuboidal γ′ precipitates that uniformly distributed in 
the γ matrix. With the different surface orientation of the specimens, leading to the 
interfacial arrangement of the phase boundaries between γ′ and γ phases is also distinct. 
The schematic illustration of the interfacial arrangement of the phase boundaries 
between γ′ and γ phases between the two surfaces is shown in Fig. 5.26. The phase 
boundaries are always perpendicular to the external surfaces in the specimens with 
{100} side-surface. Whereas in case of the specimens with {110} side-surface, the 
phase boundaries make an angle of 45 degrees to the external surfaces. Note that the 
oxide scales grow epitaxially with reference to the substrate surface during the initial 
oxidation stage, but after sometimes the transition of the epitaxial-oxide scale to 
randomly-oriented oxide scale take places. As seen in Fig. 5.26, the interface between 
the γ′ and γ phases could act as diffusion paths for element diffusion during oxidation 
process. For the specimens with {100} side-surface, the diffusion paths -for element 
diffusion- will pass through the γ/γ′ interface smoothly without any obstacle as indicated 
by the read arrows (Fig. 5.26a). In the other words, the diffusion paths will appear as a 
straight line on {100} side-surface. Whereas for the specimens with {110} side-surface, 
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the diffusion paths -which takes place at the γ/γ′ interface- look like as a zigzag paths as 
indicated by the red arrows (Fig. 5.26b). Based on this reason, we consider that the 
specimens with {100} surface have a higher oxidation rate than the specimens with 
{110} surface. Therefore, the different arrangement of the γ/γ′ structure in respect to the 
external surfaces should possess great effects on the oxidation behavior of Ni-based 
single crystal superalloy.  
In terms of aluminized specimens, the oxidation rate on {110} side-surface was 
slightly higher than on {100} side-surface. However, the difference in Kp value between 
the two surface is very less. This difference is possibly due to the loss of Al 
concentration in the coating layer. During the isothermal oxidation test, the Al diffusion 
from coating layer into the substrate occurred. Consequently, it reduces the Al 
concentration in the coating layer that is available for the alumina scale formation and it 
is an important degradation mode in the aluminized specimens [27]. The comparison of 
chemical composition of Al in the coating layer after 500 h oxidation in both 
orientations is presented in Table 5.5. It was visible that the Al concentration in the 
coating layer on {110} side-surface is somewhat lower than on {100} side-surface.  
At high temperature oxidation, the interdiﬀusion of elements between the single 
crystal substrate and the coating layer took place. The outward diﬀusion of Ni from the 
substrate leads to the enrichment of refractory elements (such as Re, W, Cr and Mo) and 
promotes the formation of TCP phases. It has been reported that the TCP is a 
detrimental phase that can reduce the mechanical properties of Ni-based single crystal 
superalloys [28]. Wu et al. reported that the amount and the depth penetration of TCP 
phase might affect the oxidation behavior of Ni-base single crystal superalloys [29]. As 
seen in Fig. 5.25, the amount of TCP phase is larger on {110} side-surface than that on 
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{100} side-surface. Nevertheless, the depth penetration of TCP phase was about 18 μm 
on {100} side-surface and and 30 μm on {110} side-surface. In addition, the increased 
amounts of TCP phases observed in the surface of aluminized specimens could impart 
poor oxidation resistance because the elements such as W or Mo may have a deleterious 
effect on oxidation behavior and on the adherence of alumina scale [30,31]. Another 
possible reason that can be considered is the amount of metastable phase θ-Al2O3 
between the two orientations as seen in Fig. 19.  
 
5.4. Conclusions 
A study on the oxidation behavior without and with aluminide coating on Ni-base 
single crystal superalloy at high temperature with different surface orientations has been 
carried out. The results can be summarized as follows: 
1. Generally, the aluminide coating has successfully improved the oxidation resistance 
of Ni-based single crystal superalloy. It can be seen from the oxidation rate obtained 
in the present study where the oxidation rate of the aluminized specimens is lower 
than the uncoated specimens.  
2. In the uncoated specimens, the specimens with {100} side-surface showed a higher 
oxidation rate compared to the specimens with {110} side-surface. This anisotropy 
phenomenon is indicated by the difference in oxide scale thickness and the NiO 
particle size. The anisotropy on oxidation behavior in the uncoated specimen is 
mainly due to the different of arrangement γ/γ′ structure between the two surfaces. 
3. In aluminized specimens, the oxidation rate on {110} side surface was somewhat 
higher than that on {100} side-surface. It means the specimens with {100} side- 
surface had a better oxidation resistance than the specimens with {110} side-surface. 
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The slight difference in oxidation rate between the two orientations may be due to 
the amount and the depth penetration of TCP phase after 500 h oxidation.  
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5.5. Figures and Tables 
 
 
 
 
 
 
Fig. 5.1. Typical temperature and stress distribution across a single crystal turbine blade 
during service 
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Fig. 5.2. Heat-treated microstructures of Ni-based single crystal superalloy CM186LC: 
(a) OM and (b) SEM. 
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Fig. 5.3. Microstructures of as-aluminized specimens on: (a) {100} side-surface and (b) 
{110} side-surface.  
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Fig. 5.4. Isothermal oxidation kinetics of uncoated specimens after oxidation at 1100 °C 
on {100} and {110} side-surfaces. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.5. Plots of square of mass gain per unit area vs time for uncoated specimens after 
oxidation at 1100 °C on {100} and {110} side-surfaces 
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Fig. 5.6. Isothermal oxidation kinetics of aluminized specimens after oxidation at 
1100 °C on {100} and {110} side-surfaces.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.7. Plots of square of mass gain per unit area vs time for aluminized specimens 
after oxidation at 1100 °C on {100} and {110} side-surfaces. 
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Fig. 5.8. XRD results of the surface of uncoated specimens after oxidation for 25 h at 
1100 °C on different surface orientations. 
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Fig. 5.9. XRD results of the surface of uncoated specimens after oxidation for 100 h at 
1100 °C on different surface orientations. 
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Fig. 5.10. XRD results of the surface of uncoated specimens after oxidation for 500 h at 
1100 °C on different surface orientations. 
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Fig. 5.11. XRD results of the surface of coated specimens after oxidation for 25 h at 
1100 °C on different surface orientations. 
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Fig. 5.12. XRD results of the surface of coated specimens after oxidation for 100 h at 
1100 °C on different surface orientations. 
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Fig. 5.13. XRD results of the surface of coated specimens after oxidation for 500 h at 
1100 °C on different surface orientations. 
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Fig. 5.14. The surface morphologies of oxide scale on the surface of uncoated 
specimens after oxidation for 25 h at 1100 °C: (a) {100} side-surface and (b) {110} side 
surface. 
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Fig. 5.15. The surface morphologies of oxide scale on the surface of uncoated 
specimens after oxidation for 100 h at 1100 °C: (a) {100} side-surface and (b) {110} 
side-surface. 
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Fig. 5.16. The surface morphologies of oxide scale on the surface of uncoated 
specimens after oxidation for 500 h at 1100 °C: (a) {100} side-surface and (b) {110} 
side-surface. 
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Fig. 5.17. The surface morphologies of oxide scale on the surface of coated specimens 
after oxidation for 25 h at 1100 °C: (a) {100} side-surface and (b) {110} side-surface. 
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Fig. 5.18. The surface morphologies of oxide scale on the surface of coated specimens 
after oxidation for 100 h at 1100 °C: (a) {100} side-surface and (b) {110} side-surface. 
 
 
 
 
 
 
HIGH TEMPERARATURE OXIDATION CHARACTERISCTICS OF NI-BASED SINGLE CRYSTAL 
SUPERALLOY WITHOUT AND WITH ALUMINIDE COATING 
CHAPTER 5 
 
5-34 
 
 
 
 
 
 
 
 
Fig. 5.19. The surface morphologies of oxide scale on the surface of coated specimens 
after oxidation for 500 h at 1100 °C: (a) {100} side-surface and (b) {110} side-surface. 
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Fig. 5.20. Cross-section microstructures of uncoated specimens after oxidation for 25 h 
at 1100 °C: (a) {100} side-surface and (b) {110} side-surface. 
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Fig. 5.21. Cross-section microstructures of uncoated specimens after oxidation for 100 h 
at 1100 °C: (a) {100} side-surface and (b) {110} side-surface. 
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Fig. 5.22. Cross-section microstructures of uncoated specimens after oxidation for 500 h 
at 1100 °C: (a) {100} side-surface and (b) {110} side-surface. 
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Table 5.1. Chemical composition on the substrate and scales of uncoated specimens after oxidation at 1100 °C for 100 h  
 corresponding to Fig. 5.21. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Orientation 
Points 
of no. 
 Element content (at.%) 
Note 
O Ni Al Cr Co Ti Mo W Ta Hf Re 
{100} 
1 45.21 35.03 0.3 10.23 6.06 - - - 3.17 - - NiO+CoO+CrTaO4 
2 46.53 23.69 17.57 5.18 6.94 0.11 0.08 0.02 0.14 - - (Ni,Co)Al2O4+ NiCr2O4+NiTiO3 
3 54.08 3.21 40.15 1.27 0.29 - - - - - - α-Al2O3 rich 
4 36.6 7.85 40.41 2.66 3.59 1.15 0.14 0.64 1.23 5.41 0.32 α-Al2O3+HfO2  
5 - 67.91 2.41 9.16 12.79 0.36 0.62 3.58 1.14 - 2.03 Al depletion 
{110} 
1 49.67 30.4 1.09 9.42 6.78 - - - 2.64 - - NiO+CoO+CrTaO4 
2 45.73 22.16 19.78 6.87 5.46 0.21 0.15 0.1 0.11 - - (Ni,Co)Al2O4+NiCr2O4+NiTiO3 
3 53.51 2.39 43.06 0.58 0.47 - - - - - - α-Al2O3 rich 
4 29.77 6.86 44.78 3.64 3.88 1.24 0.16 0.89 1.62 6.69 0.47 α-Al2O3+HfO2 
5 - 66.91 4.98 9.2 12.34 0.31 - 3.78 0.58 - 1.9 Al-depletion 
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Table 5.2. Chemical composition on the substrate and scales of uncoated specimens after oxidation at 1100 °C for 500 h  
 corresponding to Fig. 5.22. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Orientation 
Points 
of no. 
 Element content (at.%) 
Note 
O Ni Al Cr Co Ti Mo W Ta Hf Re 
{100} 
1 43.22 51.26 1.16 0.53 3.83 - - - - - - NiO+CoO 
2 41.64 15.65 18.38 13.5 6.96 0.21 0.11 0.04 3.51 - - (Ni,Co)Al2O4+ NiCr2O4+CrTaO4+NiTiO3 
3 38.88 16.78 27.27 8.29 5.49 0.13 0.15 0.78 2.19 0.04 - (Ni,Co)Al2O4+ NiCr2O4+CrTaO4+NiTiO3 
4 50.83 3.94 30.2 1.31 1.17 2.02 0.1 0.21 1.26 8.5 0.46 α-Al2O3+HfO2  
5 - 65.95 3.76 11.89 12.18 0.63 0.51 2.62 1.14 - 1.32 Al depletion 
{110} 
1 46.96 47.29 1.86 0.84 3.05 - - - - - - NiO+CoO 
2 43.72 15.85 22.45 9.69 5.43 0.13 0.08 0.02 2.63 - - (Ni,Co)Al2O4+NiCr2O4+CrTaO4+NiTiO3 
3 40.6 14.31 32.5 6.92 4.57 0.26 0.22 0.54 0.08 - - (Ni,Co)Al2O4+ NiCr2O4+NiTiO3 
4 51.91 2.22 35.5 0.78 0.32 1.12 0.14 0.16 0.05 7.43 0.37 α-Al2O3+HfO2 
5 - 62.37 3.04 13.68 14.92 0.84 0.49 1.87 1.36 - 1.43 Al-depletion 
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Fig. 5.23. Cross-section microstructures of coated specimens after oxidation for 25 h at 
1100 °C: (a) {100} side-surface and (b) {110} side-surface. 
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Fig. 5.24. Cross-section microstructures of coated specimens after oxidation for 100 h at 
1100 °C: (a) {100} side-surface and (b) side-surface. 
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Fig. 5.25. Cross-section microstructures of coated specimens after oxidation for 500 h at 
1100 °C: (a) {100} side-surface and (b) {110} side-surface. 
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Table 5.3. Chemical composition on the substrate and scales of coated specimens after oxidation at 1100 °C for 500 h  
 corresponding to Fig. 5.25. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                                                                                                                                                                                                                                                                                        
Orientation 
Points 
of no. 
 Element content (at.%) 
Note 
O Ni Al Cr Co Ti Mo W Ta Hf Re 
{100} 
1 49.75 0.54 48.43 1.07 - 0.21      Alumina scale 
2 - 60.74 30.71 3.26 5.16 0.13 - - - - - Coating layer 
3 - 11.46 - 8.82 7.31 4.87 - 7.74 16.84 42.97 - Hf-rich carbide in coating layer 
4 - 58.06 25.05 5.79 8.08 0.86 0.2 0.26 0.35 1.15 0.2 Diffusion zone 
5 - 7.05 1.02 1.42 3.03 5.38 - 2.36 27.21 36.38 0.79 Hf-rich carbides in diffusion zone 
6 - 67.15 13.74 4.25 9.23 1.4 0.19 1.46 1.44 0.31 1.84 Substrate 
7 - 23.61 3.61 18.88 16.48 - 1.93 17.29 - - 18.2 TCP in substrate 
{110} 
1 54.37 0.62 45.54 0.95 - 0.19 - - - - - Alumina scale 
2 - 59.77 26.9 4.97 7.79 0.57 - - - - - Coating layer 
3 - 11.41 - 3.18 2.32 2.24 - 6.41 14.39 59.05 - Hf-rich carbide in coating layer 
4 - 57.75 24.49 4.6 7.69 1.01 0.34 0.25 1.42 2.36 0.08 Diffusion zone 
5 - 6.38 1.81 1.19 4.23 6.46 - 1.48 34.77 43.2 0.47 Hf-rich carbides in diffusion zone 
6 - 60.9 10.82 10.2 11.88 1.17 0.34 2.56 0.68 0.42 1.04 Substrate 
7 - 21.97 2.88 18.98 16.2 - 1.85 18.75 - - 22.25 TCP in substrate 
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Fig. 5.26. The schematic illustration of the diffusion paths for element diffusion at γ/γ′ 
interface for: (a) {100} side-surface and (b) {110} side-surface. 
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CHAPTER 6 
 
Conclusions and future works  
 
6.1. Summary 
Creep response and oxidation behavior of aluminized Ni-based single crystal 
superalloys including their anisotropic properties have been examined in the present 
research. Principally, the present research concerned on the use aluminized specimens 
since only few reports are found discussing about the properties of Ni-based single 
crystal superalloys. Some aspects have been studied beyond this research such as the 
effects of alloying elements, temperatures and specimens thickness on creep as well as 
high temperature oxidation characteristics.  
Generally, the creep results obtained showed that the creep strength of aluminized 
Ni-based single crystal superalloys diminished due to the aluminide coating. The 
reduction in creep rupture life of aluminized specimens is possibly due to the inward 
diffusion of Al from the protective coating into the superalloy substrate. This diffusion 
might cause the increase of Al concentration in the diffusion zone that result in the 
creep strength and to premature failure of the sample. Besides, the decrease in creep 
lives in the aluminized specimens may be due to weakening of atomic bonds, since 
aluminum is a low melting metal its effect can be considered as similar to that of other 
low melting metals. The decrease of the load-bearing section because of the formation 
of coating layer could be one of factors to reduce the creep strength of superalloys. 
Furthermore, the anisotropic creep properties between the two side-surfaces are more 
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tangible in aluminized specimens. From all experiments, the specimens with {100} 
side-surface showed better creep strength than the specimens with {110} side-surface. 
This anisotropic creep is primarily due to the different arrangements of {111}<101> slip 
systems during creep deformation, associating with the prolongation of the diffusion 
layer, the formation of TCP phase and its depth. In terms of oxidation study, the 
aluminide coating improved the oxidation behavior of Ni-base single crystal superalloy. 
In addition, the anisotropy of oxidation behavior was also found in the present study.  
 
6.2. Conclusions 
Based on the results of the present investigation, the following conclusions can be 
drawn: 
6.2.1. Effect of alloying elements on creep  
The effect of alloying elements on microstructure and creep behavior of aluminized 
Ni-based single crystal superalloys have been investigated using three different 
generations superalloys. All coated specimens were evaluated by tensile creep test at a 
temperature of 900°C with a constant load of 392 MPa. The present results showed that 
the TMS-75 and CMSX-4 possessed a higher creep rupture lives than that of PWA-1480 
due to the alloying elements additions. It indicates the addition of alloying elements 
plays an important role for the improvement of mechanical properties of Ni-based single 
crystal superalloys. The most important alloying element is Re, which has been 
incorporated into the CMSX-4 and TMS-75 as a second and third generation 
superalloys. The element Re is known as a very effective solid solution strengthener, 
which promotes better creep resistance and thus a higher temperature capability of the 
superalloys. Re is mainly distributed in the γ matrix which may reduce the diffusion 
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rates of the elements and directional coarsening of γ′ phase during creep to improve the 
stability of the microstructure of the superalloys. However, its subsequent increase from 
3 mass% in second generation superalloy to 5 mass% in third superalloy in conjuction 
with W promoted the vulnerability to form deleterious TCP (topologicaly close-packed) 
phases in the coated superalloys. Regardless, the addition of alloying element especially 
Re has successfully improved the mechanical properties of Ni-based single crystal 
superalloys. The creep curves with various Re content are presented in Fig. 6.1. 
 
6.2.2. Effect of temperature on creep  
In order to reveal the temperature dependence of anisotropic creep response, an 
aluminized Ni-based single crystal have been creep tested at 750 °C/700 MPa 
(intermediate temperature) and at 900 °C/320 MPa (high temperature). It is found that 
the anisotropic creep response is more tangible at intermediate temperature rather than 
at high temperature. It can be readily recognized from the difference in creep rupture 
lives between the two temperatures where the intermediate temperature creep exhibited 
larger difference in creep rupture lives than that of the high temperature creep. The 
microstructural changes have a great impact into the mechanical properties of Ni-base 
single crystal superalloys. The microstructures of ruptured specimens at intermediate 
temperatures were not relatively changed but the thickness of the diffusion zone called 
as interdiffusion zone (IDZ) widened during creep deformation. On the other hand, at 
high temperature, the cross-section microstructures of ruptured specimens were distinct. 
The formation of substrate diffusion zone (SDZ) below IDZ as well as the TCP phase 
was observed at high temperature creep. The results indicate the degradation mechanism 
between the two creep conditions is totally different. Clearly, the temperature is one of 
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important factors predisposing the creep performance of aluminized Ni-based single 
crystal superalloys. Succinctly, the low temperature creep is more sensitive than that of 
the high temperature creep. The creep curves with two different temperatures are 
presented in Fig. 6.2.  
 
6.2.3. Effect of specimen thickness on creep 
The awareness of creep behavior of structural materials for high temperature 
applications is prerequisite for lifetime prediction. In order to optimize both the cooling 
efficiency and the weight of fast rotating turbine blades a general trend to reduce the 
wall thickness is executed. To determine the influence of specimen geometry on test 
results, a series of tests was conducted using aluminide coated CMSX-4 superalloy with 
two kinds of specimen thickness namely 2.8 mm (thick) and 0.5 mm (thin). Creep 
experiments were carried out on the aluminized Ni-based single crystal superalloy at 
900 °C/320 MPa along orientations B and C for thick specimens and at 900 °C/300 
MPa along orientations A-D for thin specimens. Testing has shown that the anisotropic 
creep response is larger in the coated thin specimens than in the coated thick specimens. 
It indicates that the influence of surface orientation is more apparent in thin specimens 
than that in thick specimens. The anisotropy of creep in thin specimens affected by 
following reasons: the tensile stress direction, the magnitude of resolved shear stresses 
on the slip plane, and the effective cross-section area which is associated with the crack 
propagation on a {111} plane. The creep properties of thin aluminized specimens are 
shown in Fig. 6.3. 
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6.2.4. High temperature oxidation characteristics 
An understanding of high temperature oxidation of a Ni-based single crystal 
superalloy is required to realize its degradation mechanism during service in an 
aggressive environment. For this purpose, the specimens were prepared in uncoated and 
coated. The isothermal oxidation tests were performed at 1100 °C for 500 h for 
uncoated and coated specimens. The oxidation kinetics results showed an anisotropy 
behavior both in uncoated and coated specimens. With respect to the uncoated 
specimens, the difference in mass gain was obvious where the {100} specimens showed 
a higher oxidation rate than those of {110} specimens. The oxide scale formed on the 
surface of the uncoated specimens was predominantly composed of α-Al2O3 with some 
amounts of other oxides such as (Ni,Co)Al2O4, NiCr2O4, (Ni,Co)O and CrTaO4 after 
oxidation for 500 h. The different arrangement of γ/γ′ structure between the two 
surfaces seemed to be responsible for anisotropy of oxidation in uncoated specimens. In 
contrary to the uncoated specimens, the {110} specimens exhibited a slight higher 
oxidation rate than {100} specimens in coated specimens. Although its difference was 
insignificant, however, the anisotropy phenomenon was still observed. This anisotropy 
could be confirmed by the amount of TCP phase and its depth penetration including the 
ratio of metastable phase remaining after 500 h oxidation at 1100 °C. The oxidation be- 
havior of uncoated and coated specimens which is expressed in the mass-gain curves as 
shown in Fig. 6.4.  
 
6.3. Future works 
Despite attempt that has been carried out thus far in this research includes a number 
of interesting results, further modifications to the superalloy or processing method is 
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necessary to optimize the mechanical properties, as well as the oxidation resistance of 
the superalloy. Some of these results still need further detailed examination. 
Nevertheless, there are a number of parameters that must be further investigated to be 
able to more clearly define the mechanical properties and or oxidation behavior of 
coated Ni-based single crystal superalloys. We suggested the mechanical properties of 
Ni-based single crystal superalloys can be evaluated not only by creep test but also 
fatigue test. Thus, Fig. 6.5 shows the works done in the present study and future works. 
On this basis, the following suggestions are necessary to be considered for further 
investigation:  
1. Modification of heat-treatment schedule.  
As reported in the present research, the aluminizing treatment has a deleterious 
effect to the mechanical properties of Ni-based single crystal superalloys. The 
modification of heat-treatment schedule is notable to improve the mechanical 
properties of coated specimen. For instance, the aluminizing treatment is combined 
with the primary aging for the specimen and subsequent by the secondary aging. It 
is also able to do post-aging after aluminizing treatment. These modifications are 
expected to improve the lifetime of the coated specimens.  
2. Applied stress dependence of TCP phase formation in aluminized superalloys. 
The causes of the formation of TCP phase in aluminized specimens are temperature 
and stress. TCP phases can intrude into the substrate to a considerable distance and 
destroy the γ/γ' microstructure, which is the basis for the excellent mechanical 
properties of superalloys. So far, no report has been found clarifying the applied 
stress dependence of TCP phase formation in aluminized specimens. Through this 
work, the relationship between TCP phase growth and applied stress can be 
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established.  
3. Microstructural investigation of TGO as a function of crystal orientation. 
When aluminized specimens with different surface orientations are oxidized at 
various temperatures for a specified time, an oxidized scale would be formed on the 
surface of aluminized specimens called as thermally grown oxide (TGO) layer 
which is generally an alumina rich layer. Up to now, there have been no reports 
found about the relationship of TGO as a function of crystal orientation. Therefore, 
electron backscattered electron (EBSD) observation is needed to determine the 
crystal orientation relationship between TGO and coated specimen, as well as SEM 
to observe microstructure of TGO by cross sectional analysis with different surface 
orientations. 
4. Mechanical properties of oxidized single crystal superalloys. 
Previously, as-aluminized specimens are used for creep testing. However, the effect 
of oxidation on creep behavior was not still clearly understood. For this purpose, the 
specimens which are well oxidized at various temperatures and then subjected to the 
creep test are examined. It is also interesting to inspect the fatigue properties of 
oxidized specimens. From these tests, it can be determined the effect of an oxidized 
scale on the surface of coated specimens on mechanical properties (creep and or 
fatigue) and its role for deformation mechanism.  
5. Mechanical properties of TBC coated single crystal superalloys. 
In the practical usage, ceramics top coating is applied for the specimens. 
Conventional TBC system usually consists of yttria stabilized zirconia (YSZ) as top 
coat (TC), an oxidation-resistant metallic bond coat (BC) and Ni-based superalloy 
as a substrate. Oxygen transfer through the TC towards the BC would occur at 
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elevated temperatures by microcracks and interconnected pinholes inside the TC. 
Therefore, an oxidized scale would be formed on the BC which is called thermally 
grown oxide (TGO) layer which is mainly related to the oxidation of the BC. TGO 
layer also plays an important role in the failure of TBC, due to the growth of the 
TGO layer during oxidation. This experiment is also important to establish the life 
time prediction of turbine components. 
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6.3. Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.1. Creep curves of Ni-based single crystal superalloys with various Re content: 
(a) 0%, (b) 2.9% and (c) 5%. 
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Fig. 6.2. Creep curves of Ni-based single crystal superalloys at different temperatures: 
(a) at 750 °C and (b) at 900 °C. 
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Fig. 6.3. The creep properties of thin aluminized Ni-based single crystal superalloy: (a) 
creep rupture life vs creep strain curves and (b) Creep strain vs strain rate curves. 
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Fig. 6.4. Mass-gain vs oxidation time curves of Ni-based single crystal superalloys with 
different surface orientations and conditions: (a) uncoated specimens and (b) coated 
specimens. 
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Fig. 6.5. Works done and future works of present study. 
 
 
 
 
 
 
 
